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I. 



REAL PARTY IN INTEREST 



Cornell Research Foundation, Inc., as assignee of U.S. Patent Application |3 
Serial No. 09/282,239, is the real party in interest. 
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II. RELATED APPEALS AND INTERFERENCES 

There are no related appeals or interferences pertaining to the above- 
identified application. 

III. STATUS OF CLAIMS 

A. Claims 25, 26. and 29 Are Finally Rejected 

Claims 25, 26, and 29 have been finally rejected under 35 U.S.C. § 102(e) 
as anticipated by or, in the alternative, under 35 U.S.C. § 103(a) for obviousness over 
U.S. Patent No. 6,361,996 Bl to Rao et al. ("the '996 patent")- 

B. Claims 1-24 and 27-28 Have Been Canceled 
Claims 1-24 and 27-28 have been canceled. 

C. No Claims Stand Allowed 
No claims stand allowed. 

D. Claims 25, 26, and 29 Are On Appeal 

The decision of the examiner finally rejecting claims 25, 26, and 29 is 
appealed. These claims, in their currently pending form, are set forth in the attached 
Claims Appendix. 

IV. STATUS OF AMENDMENTS 

There are no amendments pending. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The present invention is directed to an enriched or purified preparation of 
human mitotic oligodendrocyte-specified progenitor cells, where the mitotic 
oligodendrocyte-specified progenitor cells are from a post-natal human and a human 
cyclic nucleotide phosphodiesterase 2 promoter is transcriptionally active in all cells of 
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the enriched or purified preparation (U.S. Patent Application Serial No. 09/282,239 ("the 
'239 Application") p. 14, line 24 to p. 15, line 2; p. 22, lines 6-17; and originally-filed 
claim 17). The present invention is also directed to an enriched or purified preparation of 
human mitotic oligodendrocyte progenitor cells, where the mitotic oligodendrocyte 
progenitor cells are from an adult human and a human cyclic nucleotide 
phosphodiesterase 2 promoter is transcriptionally active in all cells of the enriched or 
purified preparation (the '239 Application p. 14, line 24 to p. 15, line 2 and p. 22, lines 6- 
17). The present invention is also directed to an enriched or purified preparation of 
human mitotic oligodendrocyte-specified progenitor cells, where a human cyclic 
nucleotide phosphodiesterase 2 promoter is transcriptionally active in all cells of the 
enriched or purified preparation (the '239 Application p. 14, line 24 to p. 15, line 2 and p. 
22, lines 6-17). 

VI. GROUNDS OF REJECTION TO BE REVIEWED UPON APPEAL 

Whether claims 25, 26, and 29 are properly rejected under 35 U.S.C. 
§ 102(e) as anticipated by or, in the alternative, under 35 U.S.C. § 103(a) for obviousness 
over the '996 patent, when the '996 patent fails to teach or suggest each and every aspect 
of the claimed invention. 

VII. ARGUMENT 

A. Applicable Law 

1. 35 U.S.C. § 102(e) 

35 U.S.C. § 102(e) imposes the requirement that a claimed invention, to be 
patentable, must not have been "described in ... a patent granted on an application for 
patent by another filed in the United States before the invention by the applicant for 
patent." To be anticipatory, under 35 U.S.C. § 102, a single prior art reference must 
disclose, either expressly or inherently, each limitation of the claim. Minn. Mining & 
Mfg. Co. v. Johnson & Johnson Orthopaedics, Inc., 976 F.2d 1559, 1565, 24 USPQ2d 
1321, 1326 (Fed. Cir. 1992). 
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2. 35U.S.C. $ 103(a) 

35 U.S.C. § 103 imposes the requirement that an invention, to be 
patentable, must not have been obvious over the prior art "at the time the invention was 
made to a person having ordinary skill in the art to which said subject matter pertains/' A 
proper prima facie showing of obviousness requires the U.S. Patent and Trademark 
Office ("PTO") to satisfy three requirements. First, the prior art itself must suggest the 
desirability and, therefore, obviousness of a modification of a reference or the 
combination of references to achieve a claimed invention. See Hodosh v. Block Drug 
Co., 786 F.2d 1136, 1143 n.5, 229 USPQ 182, 187 n.5 (Fed. Cir. 1986); In re Gordon, 
733 F.2d 900, 902, 221 USPQ 1 125, 1 127 (Fed. Cir. 1984); see also In re Fine, 837 F.2d 
1071, 1074, 5 USPQ2d 1596, 1598 (Fed. Cir. 1988). Second, the PTO must show that, at 
the time the invention was made, the proposed modification had a reasonable expectation 
of success. SeeAmgen v. Chugai Pharm. Co., 927 F.2d 1200, 1209, 18 USPQ2d 1016, 
1023 (Fed. Cir. 1991). Finally, the combination of references must teach or suggest each 
and every limitation of the claimed invention. See In re Wilson, 424 F.2d 1382, 1385, 
165 USPQ 494, 496 (CCPA 1970). 

Further, the question of obviousness should be analyzed in light of the 
holding of Graham v. John Deere Co., 383 U.S. 1, 17 (1966) which sets forth the 
following factors for determining obviousness: (1) the scope and content of the prior art; 
(2) differences between the prior art and the claims at issue; (3) the level of ordinary skill 
in the pertinent art; and (4) such objective evidence of non-obviousness as commercial 
success, long felt but unresolved needs, and failure of others. All evidence must be 
weighed before reaching a conclusion on obviousness under § 103. Panduit Corp. v. 
DennisonMfg. Co., 810 F.2d 1561, 1564, 1 USPQ2d 1593, 1594 (Fed. Cir. 1987); 
Hodosh v. Block Drug, 786 F.2d at 1 143, 229 USPQ at 187-88. 
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B. The Rejection of Claims 25, 26. and 29 Under 35 U.S.C. § 102(e) 
As Anticipated By Or, In the Alternative, Under 35 U.S.C. § 103(a) 
for Obviousness Over the '996 Patent Is Improper. 

1. Background 

The damaged brain is largely incapable of functionally significant 
structural self-repair (the '239 Application pp. 1-3 "Background of the Invention"). This 
is due in part to the apparent failure of the mature brain to generate new neurons (Id.). 
However, the absence of neuronal production in the adult vertebrate forebrain appears to 
reflect not a lack of appropriate neuronal precursors, but rather their tonic inhibition 
and/or lack of post-mitotic trophic and migratory support (Id.). Converging lines of 
evidence now support the contention that neuronal and glial precursor cells are distributed 
widely throughout the ventricular subependymal of the adult vertebrate forebrain, 
persisting across a wide range of species groups (Id.). Most studies have found that the 
principal source of these precursors is the ventricular zone, though competent neural 
precursors have been obtained from parenchymal sites as well (Id.). In general, adult 
progenitors respond to epidermal growth factor (EGF) and basic fibroblast growth factor 
(bFGF) with proliferative expansion, may be multipotential, and persist throughout life 
(Id.). In rodents and humans, their neuronal daughter cells can be supported by brain- 
derived neurotrophic factor (BDNF), and become fully functional in vitro, like their avian 
counterparts (Id.). 

A major impediment to both the analysis of the biology of adult neural 
precursors, and to their use in engraftment and transplantation studies, has been their 
relative scarcity in adult brain tissue, and their consequent low yield when harvested by 
enzymatic dissociation and purification techniques (Id.). As a result, attempts at either 
manipulating single adult-derived precursors or enriching them for therapeutic 
replacement have been difficult (Id.). The few reported successes at harvesting these 
cells from dissociates of adult brain, whether using avian, murine, or human tissue, have 
all reported <1% cell survival (Id.). Thus, several groups have taken the approach of 
raising lines derived from single isolated precursors, continuously exposed to mitogens in 
serum-free suspension culture (Id.). As a result, however, many of the basic studies of 
differentiation and growth control in the neural precursor population have been based 
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upon small numbers of founder cells, passaged greatly over prolonged periods of time, 
under constant mitogenic stimulation (Id.). The phenotypic potential, transformation state 
and karyotype of these cells are all uncertain; after repetitive passage, it is unclear 
whether such precursor lines remain biologically representative of their parental 
precursors, or instead become transformants with perturbed growth and lineage control 

ad.). 

In order to devise a more efficient means of isolating native, unpassaged 
and untransformed progenitor cells from brain tissue, a strategy by which brain cells 
could be freely dissociated from brain tissue, then transduced in vitro with plasmid DNA 
bearing a fluorescent reporter gene under the control of neural progenitor cell-type 
specific promoters was developed (Id.). This permitted isolation of the elusive neuronal 
progenitor cell of the CNS, using the Tal tubulin promoter, a regulatory sequence 
expressed only in neuronal progenitor cells and young neurons (Id.). 

The repair of damaged brain requires not only sources of new neurons but 
also new glial support cells (Id.). Oligodendrocytes are the glial cell type that produce 
myelin and insulate neuronal axons by ensheathment with myelin-bearing cell processes 
(Id.). Like neurons, oligodendrocytes are largely postmitotic and cannot regenerate 
through proliferative expansion (Id.). However, persistent oligodendrocyte progenitors 
have been described in adult rodent subcortical white matter, and may provide a substrate 
for remyelination after demyelinating injury (Id.). In humans, the demonstration and 
identification of analogous subcortical oligodendrocyte progenitor cells has been 
problematic (Id.). A pre-oligodendrocytic phenotype has been described in adult human 
subcortical white matter, though these postmitotic cells may have included mature 
oligodendrocytes recapitulating their developmental program after dissociation (Id.). 
Rare examples of oligodendrocytes derived from mitotic division have also been reported 
in human subcortical dissociates, but the identification and isolation of their mitotic 
progenitors have proven elusive (Id.). As a result, the enrichment of these cells for 
functional utilization has proven difficult (Id.). In particular, the cells have not been 
preparable in the numbers or purity required for in vivo engraftment into demyelinated 
recipient brain, whether experimentally or for clinical therapeutic purposes (Id.). 
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A strong need therefore exists for a new strategy for identifying, 
separating, isolating and purifying native oligodendrocyte precursor cells from brain 
tissue (Id.). Such isolated, enriched native precursors may be used in engraftment and 
transplantation in demyelinating disorders, as well as for studies of growth control and 
functional integration (Id.). 

2. Description of the '996 Patent 

The '996 patent discloses multipotential neuroepithelial stem cells and 
lineage-restricted astrocyte/oligodendrocyte precursor cells (the '996 patent Abstract). 
The astrocyte/oligodendrocyte precursor cells are derived from neuroepithelial stem cells, 
are capable of self-renewal, and can differentiate into astrocytes and oligodendrocytes but 
not neurons (Id.). The '996 patent characterizes these cells as " multipotential 
intermediate precursor cells restricted to glial lineages" (emphasis added) (the '996 patent 
col. 23, lines 1-5). 

In the outstanding office action, the sole portion of the '996 patent 
specifically identified in support of the rejection is Figure 1 (see p. 3, lines 3-8) and the 
supporting text regarding cell type 14. As this figure and the paragraph bridging columns 
6 and 7 make clear, cell type 14 is a multipotential precursor cell that can generate 
oligodendrocytes 18 and astrocytes 22. Cell type 14 is said to be generated from 
embryonic spinal cord stem cells. While noting that the '996 patent's experimental work 
was with rat cells, the outstanding office action states that human stem cells could 
likewise be isolated and, presumably used to produce human multipotential precursors of 
both oligodendrocytes and astrocytes. Even if this is true, one is still left to speculate how 
the '996 patent teaches the oligodendrocyte-specified progenitor cells of the claimed 
invention. The only possible bases for taking such a position are explicit anticipation, 
inherent anticipation, and obviousness. For the reasons noted infra, the '996 patent is not 
sufficient on any of these grounds. 
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3. The '996 Patent Does Not Explicitly Anticipate the 
Claimed Invention. 

Nowhere does the '996 patent disclose the claimed enriched or purified 
preparations of human mitotic oligodendrocyte-specified and oligodendrocyte progenitor 
cells. Indeed, the astrocyte/oligodendrocyte precursor cells disclosed in the '996 patent 
are different from the oligodendrocyte-specified and oligodendrocyte progenitor cells 
claimed in the present application (Declaration of Mahendra S. Rao, M.D., Ph.D. Under 
37 C.F.R. § 1.132 ("First Rao Declaration") If 6 (attached hereto as Exhibit 1) and Second 
Declaration of Mahendra S. Rao, M.D., Ph.D. Under 37 C.F.R. § 1.132 ("Second Rao 
Declaration") f 6 (attached hereto as Exhibit 2)). 

Declarant Mahendra S. Rao ("Dr. Rao"), the same Dr. Rao who is co- 
inventor of the '996 patent, has stated that the '996 patent's astrocyte/oligodendrocyte 
precursor cells are in a less differentiated state than the oligodendrocyte progenitor cells 
claimed in the present patent application (Id.). Furthermore, one of Dr. Rao's 
publications (Rao et al., "Glial-Restricted Precursors are Derived from Multipotent 
Neuroepithelial Stem Cells," Devel. Biol. 188:48-63 (1997) (attached hereto as Exhibit 
3)) clearly demonstrates that such A2B5+/NCAM- cells are capable of generating both 
astrocytes and oligodendrocytes and do not appear committed to the oligodendrocyte 
lineage (Id.). 

As shown in Figures 1-2 of the '996 patent, the astrocyte/oligodendrocyte 
precursor cells 14 and 54, respectively, differentiate directly into two cell types — i.e., of 
astrocytes and oligodendrocytes (Second Rao Declaration 1f 7). It is known from clonal 
analysis that there is a homogenous population of astrocyte/oligodendrocyte precursor 
cells in which individual cells generate oligodendrocytes and two kinds of astrocytes by 
the process described in the '996 patent (Id.). It is important to note that multiple 
pathways to generate post-mi totic, mature oligodendrocytes, have been described (Id.). 
Anderson and colleagues have shown that an oligodendrocyte/motorneuron precursor 
exists that does not make astrocytes (Zhou et al., "The bHLH Transcription Factors 
OLIG2 and OLIG1 Couple Neuronal and Glial Subtype Specification," Cell 109:61-73 
(2002) (attached hereto as Exhibit 4)) (Id.). Other investigators have shown distinct sites 
of origin of oligodendrocytes and astrocytes presumably from separate precursors 
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(Vallstedt et al., "Multiple Dorsoventral Origins of Oligodendrocyte Generation In the 
Spinal Cord and Hindbrain," Neuron 45:55-67 (2005) (attached hereto as Exhibit 5) and 
Cai et al., "Generation of Oligodendrocyte Precursor Cells from Mouse Dorsal Spinal 
Cord Independent of Nkx6 Regulation and Shh Signaling," Neuron 45:41-53 (2005) 
(attached hereto as Exhibit 6)) (Id.), Yet other investigators have shown that different 
kinds of oligodendrocyte progenitors exist (Pringle et al., "Fgfr3 Expression by 
Astrocytes and Their Precursors: Evidence that Astrocytes and Oligodendrocytes 
Originate In Distinct Neuroepithelial Domains," Development 130:93-102 (2003) 
(attached hereto as Exhibit 7)) (Id.). 

Dr. Rao is not aware of any evidence that the astrocyte/oligodendrocyte 
precursor cells of the '996 patent generated mature oligodendrocytes by way of an 
intermediate oligodendrocyte- specific precursor (Id.). Indeed, Gregori et al., "The 
Tripotential Glial-Restricted Precursor (GRP) Cell and Glial Development In the Spinal 
Cord: Generation of Bipotential Oligodendrocyte-Type-2 Astrocyte Progenitor Cells and 
Dorsal- Ventral Differences In GRP Cell Function," J. Neurosci. 22(l):248-256 (2002) 
(attached hereto as Exhibit 8) have suggested that the '996 patent describes a glial 
progenitor that gives rise to a more restricted astrocyte/oligodendrocyte precursor that 
still directly makes predominantly astrocytes and a small minority of oligodendrocytes 
(Id.). Thus, cells in the '996 patent's pathway to oligodendrocyte production are bi- 
potential astrocyte/oligodendrocyte progenitor cells that have strong astrocytic bias (Id.). 
These cell types are very different from the claimed oligodendrocyte-specified progenitor 
cells of the present application (Id.). 

Example 15 of the '996 patent specifically conducts work to investigate 
whether mature astrocytes and oligodendrocytes are generated from committed 
unipotential cells present in the A2B5+ population of cells (i.e. cell types 14 and 54 in 
Figures 1 and 2, respectively) or whether single cells are bipotential and can generate 
both astrocytes or oligodendrocytes. As a result of this investigation, the '996 patent 
concludes that the A2B5+ cells were at least bipotential and were restricted to glial cell 
lineages (see col. 21, lines 41-45 and col. 22, lines 9-1 1 of the '996 patent). Having 
conducted this experiment and reached these conclusions, it is apparent that the '996 
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patent not only fails to disclose the claimed oligodendrocyte-specified progenitor cells but 
teaches away from their presence. 

In response to appellants' arguments, the examiner repeatedly states that 
appellants are arguing differences between the '996 patent disclosure and the disclosure 
of the present application — not the claims of the present application. From the foregoing, 
this is clearly not the case. As repeatedly noted above, it is appellants' position that the 
'996 patent fails to teach oligodendrocyte-specified progenitor cells. This is precisely 
what appellants are claiming, so it is clear that their arguments are fully commensurate in 
scope with the claimed invention. What remains unclear, however, is exactly how the 
examiner can say that the disclosure of the '996 patent teaches the claimed invention. 

In addition to failing to teach the claimed oligodendrocyte progenitor cells, 
the '996 patent also worked with cells from rats rather than from humans, as required by 
the claimed invention. In particular, there are fundamental differences between the 
biology of rat and human oligodendrocyte progenitor cells (Declaration of Steven A. 
Goldman Under 37 C.F.R. § 1.132 ("First Goldman Declaration") ^ 7 (attached hereto as 
Exhibit 9) 1 . Furthermore, there are fundamental differences between the lineage 
restriction and potential of neonatal and adult oligodendrocyte progenitor cells (Noble et 
al., "The 02A (Adult) Progenitor Cell: A Glial Stem Cell of the Adult Central Nervous 
System," Seminars in Cell Biol. 3:413-22 (1992) (attached hereto as Exhibit 23) and 
Windrem et al., "Fetal and Adult Human Oligodendrocyte Progenitor Cells Effectively 
Myelinate Dysmyelinated Brain," Nature Medicine 10:93-97 (2004) (attached hereto as 
Exhibit 18) (Third Goldman Declaration ^ 6). These biological differences between both 
rat and human and perinatal and adult progenitor cells were not recognized by the '996 
patent, whose cells were restricted to neonatal rodent derivation (First Goldman 
Declaration If 7; Third Goldman Declaration f 6). Whereas rat oligodendrocytes appear 
to retain mitotic potential, human oligodendrocytes do not (Third Goldman Declaration 
^[ 7). See Kirschenbaum et al., "In Vitro Neuronal Production and Differentiation by 
Precursor Cells Derived from the Adult Human Forebrain," Cerebral Cortex 6:576-89 

1 Although the First Goldman Declaration was directed to U.S. Patent No. 5,276,145 to 
Bottenstein ("Bottenstein"), the issues regarding that reference are substantially the 
same as those pertaining to the '996 patent. 



10063762.2 



App. Serial No. 09/282,239 



- 11 - 



(1994) (attached hereto as Exhibit 11). As a result, the oligodendrocyte progenitor cells 
of the rat brain cannot be considered homologous to its human counterpart (Id.). In 
particular, methods that permit the selective extraction and/or growth of oligodendrocyte 
progenitors from the rat brain do not differentiate between oligodendrocyte progenitor 
cells and mature oligodendrocytes able to re-enter the mitotic cycle (Id.). In humans, 
these constitute two discrete phenotypes, lineally related but temporally distinct (Id.). 
The present invention teaches the selective acquisition of a highly enriched-to virtual 
purity-mitotically-competent oligodendrocyte progenitor cell pool, operationally separate 
and distinct from post-mitotic or mature oligodendrocytes (Id.). 

Figures 1 and 2 of the '996 patent show his astrocyte/oligodendrocyte 
precursor cells differentiating directly to astrocytes and, to a much lesser extent, to 
oligodendrocytes with these mature cell types being characterized by various markers. It 
may be accurate to characterize rat oligodendrocytes and oligodendrocyte progenitors 
together at least with regard to their markers, because those markers are similar. 
Specifically, rat oligodendrocyte progenitors and oligodendrocytes both express the 
antigenic marker recognized by monoclonal antibody 04 (Third Goldman Declaration 
If 7). In contrast, this marker is expressed by human oligodendrocytes and their immature 
forms, but NOT by mitotic oligodendrocyte progenitor cells (Id.). As a result, human 
oligodendrocyte progenitor cells cannot be acquired through the use of 04 as a selection 
marker, and 04-defined human oligodendroglial cells cannot act as mitotically-competent 
progenitor cells (Id.). This is in sharp distinction to the rat brain, in which the use of this 
marker can identify oligodendrocyte progenitors (Id.). The '996 patent does not 
recognize the non-applicability of this marker to the separation of human oligodendrocyte 
progenitor cells (Id.). In humans, mitotic cells biased strongly towards the 
oligodendrocyte lineage are instead recognized by the antigenic phenotype 047PSA- 
NCAM7A2B5 + , which comprise a distinct subpopulation in which the CNP2 (i.e. cyclic 
nucleotide phosphodiesterase 2) promoter is transcriptionally activated (Id.). 

As a result of these considerations, the selective propagation of 
mitotically-active oligodendrocyte progenitor cells from the rat brain does not predict the 
successful isolation of mitotic oligodendrocyte progenitor cells from postnatal or adult 
human brain tissue. 
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In view of the foregoing, the '996 patent cannot explicitly anticipate the 
claimed invention. 

4. The '996 Patent Does Not Inherently Anticipate Claims 25, 

26. and 29. 

Having demonstrated that the '996 patent does not explicitly anticipate the 
invention of claims 25, 26, and 29, the only basis for a rejection under 35 U.S.C. § 102 is 
under the doctrine of inherency. During the March 1 5, 2005, personal interview, which is 
summarized in the Interview Summary mailed March 21, 2005, the examiner maintained 
that the '996 patent inherently discloses the claimed oligodendrocyte-specified and 
oligodendrocyte progenitor cells of claims 25, 26, and 29. Specifically, the examiner 
asserted that the '996 patent's multipotential oligodendrocyte-astrocyte precursor cells 
must inherently differentiate to the claimed oligodendrocyte-specified and 
oligodendrocyte progenitor cells before further differentiating to mature 
oligodendrocytes. 

"Inherent anticipation requires that the missing descriptive material is 
'necessarily present,' not merely probably or possibly present, in the prior art." Trintec 
Indus., Inc. v. Top-U.S.A. Corp., 295 F.3d 1292, 1295, 63 USPQ2d 1597, 1599 (Fed. Cir. 
2002) (quoting In re Robertson, 169 F.3d 743, 745,49 USPQ2d 1949, 1950-51 (Fed. Cir. 
1999)). In order for an element, not expressly disclosed in a prior art reference, to 
inherently anticipate, the missing element must be "necessarily present in the thing 
described in the reference, and that it would be so recognized by persons of ordinary 
skill." Continental Can Co. v. Monsanto Co., 948 F.2d 1264, 1268, 20 USPQ2d 1746, 
1749 (Fed. Cir. 1991). 

When a prior art rejection is based on the inherent characteristics of a 
claimed product, as disclosed in the cited art, the examiner's burden for maintaining the 
rejection, and appellants' burden in rebutting this rejection, is well-defined. "[W]hen the 
PTO shows sound basis for believing that the products of the applicant and the prior art 
are the same, the applicant has the burden of showing that they are not." In re Spada, 
911 F.2d 705, 708, 15 USPQ2d 1655, 1658 (Fed. Cir. 1990). Evidence that "the PTO did 
not correctly apply or understand the subject matter of the reference, or [that] the PTO 
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drew unwarranted conclusions therefrom" will provide an adequate rebuttal. Id. The 
final rejection makes no effort to satisfy this standard. 

Appellants have responded to the examiner's inherency position by 
submitting evidence in the form of the First Rao Declaration and the Second Rao 
Declaration which, as discussed supra, demonstrate that the astrocyte/oligodendrocyte 
precursor cells disclosed in the '996 patent are different from the oligodendrocyte- 
specified and oligodendrocyte progenitor cells claimed in the present application. In 
addition, the experimental work discussed in Example 15 of the '996 patent demonstrates 
that even when the inventors looked at the specific issue needed to support an inherency 
position (i.e. whether the mature oligodendrocytes and astrocytes produced were from a 
unipotential or multipotential A2B5+ cell population), they found that that population was 
multipotential. 

Faced with all of this evidence from those working in the art, it was 
incumbent upon the examiner to present contrary evidence in the form of a declaration or 
otherwise. Manual of Patent Examining Procedure ("MPEP") § 2144.03 (2006). 
However, he did not do so. Instead, the examiner simply presented argument in 
disagreement with Dr. Rao. Given the fact that Dr. Rao is a co-inventor of the '996 
patent and, therefore, clearly has superior knowledge of what cell types were and were 
not produced in the work described in the '996 patent, it is entirely inappropriate to 
disregard his testimony and, without any supporting evidence, reach a conclusion 
contrary to that of Dr. Rao. Further, even if the '996 patent could support a rejection 
based on inherency (which it cannot), there is no indication that it produces an enriched or 
purified preparation of oligodendrocyte-specified progenitor cells or oligodendrocyte 
progenitor cells. 

In view of all the foregoing, it is apparent that there is no evidence to 
support a position that the '996 patent inherently anticipates the claimed invention. 
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5. The '996 Patent Does Not Render the Invention of Claims 

25, 26, and 29 Obvious. 

Having demonstrated that there is no basis for rejecting claims 25, 26, and 
29 as anticipated by the '996 patent, the only prior art ground for rejection is obviousness 
under 35 U.S.C. § 103. However, this rejection also cannot stand. 

In the final rejection, the examiner makes the following statement on the 
issue of obviousness: 

One of ordinary skill in the art at the time of filing 
would have been motivated to use the methods taught by Rao et 
al. [(i.e. the '996 patent)] to isolate an enriched or purified 
preparation of human mitotic oligodendrocyte progenitor cells 
from humans so that these pure cell preparations could be used to 
treat neurological disorders in humans, such as Parkinson's 
Disease, such as by transplantation of such cells into an afflicted 
individual. This motivation is suggested by Rao et al. and the 
reasonable expectation of success comes from the results of Rao 
et al. who successfully isolated such an enriched or purified 
preparation of mitotic oligodendrocyte progenitor cells from rat. 

See Final Rejection, p. 4, lines 4-11. However, all that the '996 patent motivates those 
skilled in the art to do is find a preparation of bipotential oligodendrocyte-astrocyte 
precursor cells — not oligodendrocyte-specified progenitor cells, as claimed by appellants. 
As noted above, there is absolutely no suggestion in the '996 patent that there are 
oligodendrocyte-specified progenitor cells in rats (or any other species). Without that 
teaching, why would anyone skilled in the art be motivated to look for such a cell type? 
Not only is the suggestion needed to motivate one skilled in the art to look for the claimed 
cell type missing from the '996 patent, but that reference teaches away from even 
thinking about doing so. Having investigated the issue of whether the A2B5+ cells which 
generate oligodendrocytes and astrocytes in the '996 patent are multipotential or 
unipotential and having found (and taught) that they are multipotential, it is apparent that 
the '996 patent teaches away from the claimed invention. In view of this demotivating 
teaching, there is no basis for making an obviousness rejection. See In re Fine, 837 F.2d 
at 1074, 5 USPQ2d at 1599 ("[I]nstead of suggesting that the system be used to detect 
nitrogen compounds, Eads deliberately seeks to avoid them; it warns against rather than 
teaches Fine's invention.") 
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To the extent that the examiner's rejection based on the inherent teachings 
of the '996 patent is an obviousness rejection, it is particularly inappropriate. In this 
regard the following passage from In re Rijckaert, 9 F.3d 1531, 1534, 28 USPQ2d 1955, 
1957 (Fed. Cir. 1993) is particularly instructive: 

'The mere fact that a certain thing may result from a given set of 
circumstances is not sufficient [to establish inherency].' "That 
which may be inherent is not necessarily known. Obviousness 
cannot be predicated on what is unknown.' Such a retrospective 
view of inherency is not a substitute for some teaching or 
suggestion supporting an obviousness rejection (citations 
omitted). 

The examiner's inherency position clearly fails to comport with this standard. 

Even if the examiner had established a prima facie case of obviousness, 
which he has not, that obviousness case would be rebutted by the objective evidence of 
non-obviousness of record in this case. See Tec Air, Inc. v. Denso Mfg. Mich. Inc., 19 
F.3d 1353, 1360 52 USPQ2d 1294, 1298 (Fed. Cir. 1999) ("[E]ven assuming that Denso 
established a prima facie case of obviousness, Tec Air presented sufficient objective 
evidence of nonobviousness to rebut it."). 

The significance of appellants' present invention is apparent from the 
January 7, 2000, Research/Clinic Update for the National Multiple Sclerosis Society 
(attached hereto as Exhibit 12), which stated the following: 

Researchers at Cornell University Medical College, supported by 
the National MS Society, have for the first time isolated cells in 
the adult human brain that can divide and grow into myelin- 
making cells and that may ultimately be capable of replacing 
those damaged in multiple sclerosis. 

The isolation of the adult human oligodendrocyte progenitor cell was thus chosen as one 
of the major MS-related discoveries of 1999 by the National Multiple Sclerosis Society. 
This work also merited a public affairs release of the Society for Neuroscience, which 
chose this discovery from thousands of annual research abstracts as one of its most 
important of the year, with an extensive and detailed release. A subsequent research 
summary by National MS Society (attached hereto as Exhibit 13) stated: 
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Society-supported investigators at Cornell University Medical 
College reported, for the first time, being able to isolate 
immature ("progenitor") myelin-making cells in the adult 
human brain, remove them surgically and transform them, in 
laboratory dishes, into mature cells capable of making new 
myelin. This important step may provide a basis for new 
strategies for repairing damaged myelin in MS. 

Appellants' work was reported in a number of both regional and national newspapers. An 
extensive report of appellants' work was reported in Newsday, then the largest circulation 
paper in New York City (attached hereto as Exhibit 14). 

Both the significance and novelty of appellants' present invention are 
further apparent from its publication in the Journal of Neuroscience (first isolation of 
human oligodendrocyte progenitor cells: Roy et al., "Identification, Isolation and 
Promoter-Defined Separation of Mitotic Oligodendrocyte Progenitor Cells from the Adult 
Human Subcortical White Matter," J. Neuroscience 19:9986-95 (1999) (attached hereto 
as Exhibit 15), Journal of Neuroscience Research (first transplant of cells of human 
oligodendrocyte progenitor cells into demyelinated brain: Windrem et al., "Progenitor 
Cells Derived from the Adult Human Subcortical White Matter Disperse and 
Differentiate as Oligodendrocytes Within Demyelinated Lesions of the Rat Brain," J. 
Neurosci. Res. 69:966-75 (2002) (attached hereto as Exhibit 16) (cover photo)); Nature 
Medicine (first transplant of human oligodendrocyte progenitor cells into prenatal brain: 
Nunes et al., "Identification and Isolation of Multipotential Neural Progenitor Cells from 
the Subcortical White Matter of the Adult Human Brain," Nature Medicine 9:439-447 
(2003) (attached here to as Exhibit 17) (cover photo)); and again Nature Medicine (first 
transplantation of human oligodendrocyte progenitor cells into congenitally unmyelinated 
brain: Windrem et al., "Fetal and Adult Human Oligodendrocyte Progenitor Cell Isolates 
Myelinate the Congenitally Dysmyelinated Brain," Nature Med. 10:93-97 (2004) 
(attached hereto as Exhibit 18). These are among the pre-eminent journals in 
biomedicine. Nature Medicine currently has the highest impact factor of any journal in 
basic medical research, and its publication of work from the same laboratory twice in a 
year suggests the importance with which its editors view appellants' present invention 
and its uses. Thus, those skilled in art recognized that the present invention was a 
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substantial advance in the art over the '996 patent which did not report a means of 
isolating human oligodendrocyte-specified progenitor cells, let alone such progenitor cells 
themselves. 

In the August 10, 2005, office action, the examiner characterized the 
pending claims as being akin to product-by-process claims where patentability must be 
established, in accordance with the MPEP § 21 13, by the structure of the claimed product 
and not by the steps of making it except if those steps imply structure. Pursuant to MPEP 
§ 21 13, the examiner "bears a lesser burden of proof in making out a case of prima facie 
obviousness for product-by-process claims. . .than when a product is claimed in the 
conventional fashion." "Once the examiner provides a rationale tending to show that the 
claimed product appears to be the same or similar to that of the prior art, although 
produced by a different process, the burden shifts to applicant to come forward with 
evidence establishing an unobvious difference between the claimed product and the prior 
art product." MPEP § 2113. 

Whether the analogy of the claimed invention to product-by-process 
claims is apt is questionable. Even more questionable is whether the examiner has met 
his burden of making a prima facie case of obviousness where there is no suggestion in 
the '996 patent to make the claimed oligodendrocyte-specified progenitor cells and, in 
fact, that reference has a teaching away from doing so. In any event, assuming that the 
present claims can be regarded as product-by-process claims, appellants have clearly met 
their responsibility to establish patentability over the '996 patent. In particular, to the 
extent the examiner has made a prima facie case of unpatentability, appellants have 
clearly presented evidence (i.e., the First and Second Rao Declarations) demonstrating 
otherwise. Simply put, the First and Second Rao Declarations as well as Example 1 5 of 
the '996 patent clearly demonstrate that the examiner's position that the claimed 
oligodendrocyte-specified progenitor cell is inherently present in or obvious from the 
'996 patent is wrong. Having shown this, the examiner must provide countervailing 
evidence (rather than mere argument or speculation). The examiner has provided no such 
evidence and, therefore, cannot properly maintain the rejection. 

For all of these reasons, the obviousness rejection of claims 25, 26, and 29 
based on the '996 patent cannot be maintained. 
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6. The Adult Human Cells of Claim 26 Are Further 
Distinguishable From the "996 Patent. 

The mitotic oligodendrocyte progenitor cells from an adult human of claim 
26 are further distinguishable from the astrocyte/oligodendrocyte precursor cells of the 
'996 patent. Differences in the method, time of isolation, and propagation suggest a 
difference between the cell types of claim 26 and those disclosed in the '996 patent (First 
Rao Declaration 7). The cells of claim 26 of the present application were derived from 
the adult brain using a promoter reporter based strategy where the CNP2 promoter 
directed expression of green fluorescent protein, whereas the astrocyte/oligodendrocyte 
precursor cells of the '996 patent were derived from fetal and neonatal tissue using cell 
surface antigen expression and fluorescence based antibody capture (Id.). No strategy of 
using CNP2 (a cytoplasmic marker) expression, a CNP2 promoter, or a related promoter 
reporter strategy is described in the '996 patent, nor is there any suggestion that such a 
promoter is transcriptionally active in all cells of the claimed enriched or purified 
preparation. 

The '996 patent is directed to the enrichment of glial progenitor cells from 
newborn rat brain (First Rao Declaration 8). Newborns have an abundant population of 
still-developing oligodendrocyte progenitor cells that may constitute a significant fraction 
of all of the cells in neonatal brain tissue (Id.). Yakovlev et al., "A Stochastic Model of 
Brain Cell Differentiation In Tissue Culture," 7. Math. Biol. 37(l):49-60 (1998) (attached 
hereto as Exhibit 19); Bogler et al., "Measurement of Time In Oligodendrocyte-Type-2 
Astrocyte (0-2A) Progenitors is a Cellular Process Distinct from Differentiation or 
Division," Dev. Biol. 162(2):525-38 (1994) (attached hereto as Exhibit 20); and Raff et 
al., "Platelet-derived Growth Factor From Astrocytes Drives the Clock That Times 
Oligodendrocyte Development In Culture," Nature 333:562-65 (1988) (attached hereto as 
Exhibit 21) describe cell cycle changes as glial progenitor cells mature (Id.). They 
showed that adult cells differ in their cell cycle time and the number of divisions before 
they will become postmitotic (Id.). The present patent application discloses this for adult 
human-derived cells (Id.). In addition, adult-derived human oligodendrocyte progenitor 
cells differentiate as oligodendrocytes and produce myelin much more quickly than do 
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fetal or neonatal oligodendrocyte progenitor cells (Id.). In particular, as recently reported 
in Nunes et al., "Identification and Isolation of Multipotential Neural Progenitor Cells 
from the Subcortical White Matter of the Adult Human Brain," Nature Medicine 9:439- 
447 (2003) (attached hereto as Exhibit 17) and Windrem et al., "Fetal and Adult Human 
Oligodendrocyte Progenitor Cell Isolates Myelinate the Congenitally Dysmyelinated 
Brain," Nature Medicine 10:93-97 (2004) (attached hereto as Exhibit 18), adult-derived 
oligodendrocyte progenitor cells not only myelinate much more rapidly than do fetal 
oligodendrocyte progenitors, but they do so more efficiently, with a higher proportion 
exhibiting effective myelin production, and myelinating a greater number of neuronal 
axons per donor cell than their fetal-derived counterparts (Id.). Adult cells are thus 
fundamentally more biased towards generating oligodendrocytes, towards maturing to 
express myelin proteins, and towards myelinating host axons (Id.). Moreover, adult cells 
execute all of these functions and achieve each of these cellular milestones much more 
quickly than fetal cells (Id.). As a result, they lend themselves to a very different set of 
potential clinical targets than fetal or neonatal-derived progenitors, as recently reported in 
Roy et al., "Progenitor Cells of the Adult Human Subcortical White Matter," In: Myelin 
Biology and Disorders, Vol. 1. R. Lazzarini, ed. Elsevier: Amsterdam, pp. 259-287 (2004) 
(attached hereto as Exhibit 22) (Id.). 

Accordingly, adult oligodendrocyte progenitor cells are fundamentally 
different from fetal or neonatal -derived progenitors and, therefore, the '996 patent's rat 
fetal astrocyte/oligodendrocyte precursor cells are very different from the adult 
oligodendrocyte progenitor cells in claim 26 of the present application (Id.). 
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VIII. CONCLUSION 

In view of the foregoing, it is clear that the rejection of the claims under 35 
U.S.C. §§ 102(e) and 103(a) cannot be sustained. Accordingly, the final rejections should 
be reversed. 



Dated: 




Michael L. Goldman 
Registration No. 30,727 
Attorney for Appellants 



Nixon Peabody LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 1 4603-1 05 1 
Telephone: (585) 263-1304 
Facsimile: (585) 263-1600 



Certificate of Mailing - 37 CFR 1.8(a) 

I hereby certify that this correspondence is being 
deposited wtth the United States Postal Service as 
first class mall tn an envelope addressed to: 
Commissioner tor Patents P.O. Box 1450 
Alexandria, VA 2231M450, on the date below. 

Pate IbauraLTrost 
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IX. CLAIMS APPENDIX 

25. An enriched or purified preparation of human mitotic 
oligodendrocyte-specified progenitor cells, wherein the mitotic oligodendrocyte-specified 
progenitor cells are from a post-natal human and a human cyclic nucleotide 
phosphodiesterase 2 promoter is transcriptionally active in all cells of the enriched or 
purified preparation. 

26. An enriched or purified preparation of human mitotic 
oligodendrocyte progenitor cells, wherein the mitotic oligodendroctye progenitor cells are 
from an adult human and a human cyclic nucleotide phosphodiesterase 2 promoter is 
transcriptionally active in all cells of the enriched or purified preparation. 

29. An enriched or purified preparation of human mitotic 
oligodendrocyte-specified progenitor cells, wherein a human cyclic nucleotide 
phosphodiesterase 2 promoter is transcriptionally active in all cells of the enriched or 
purified preparation. 
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X. EVIDENCE APPENDIX 

A. EXHIBIT 1 - Declaration of Mahendra S. Rao, M.D., Ph.D. Under 37 C.F.R. 
§ 1.132 

• Introduced into the record by appellant on October 2 1 , 
2004, and considered by the examiner in the office action, 
dated January 13, 2005. 

B. EXHIBIT 2 - Second Declaration of Mahendra S. Rao, M.D., Ph.D. Under 37 
C.F.R. § 1.132 

• Introduced into the record by appellant on May 25, 2005, 
and considered by the examiner in the office action, dated 
August 10, 2005. 

C. EXHIBIT 3 - Rao et ah, "Glial-Restricted Precursors are Derived from 
Multipotent Neuroepithelial Stem Cells," Devel Biol 188:48-63 (1997) 

• Introduced by appellant on October 21, 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 

D. EXHIBIT 4 - Zhou et al., "The bHLH Transcription Factors OLIG2 and 
OLIG1 Couple Neuronal and Glial Subtype Specification," Cell 109:61-73 
(2002) 

• Introduced by appellant on May 25, 2005, and considered 
by the examiner in the office action, dated August 10, 2005. 

E. EXHIBIT 5 - Vallstedt et al., "Multiple Dorsoventral Origins of 
Oligodendrocyte Generation in the Spinal Cord and Hindbrain," Neuron 
45:55-67 (2005) 

• Introduced by appellant on May 25, 2005, and considered 
by the examiner in the office action, dated August 10, 2005. 
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F. EXHIBIT 6 - Cai et al., "Generation of Oligodendrocyte Precursor Cells 
From Mouse Dorsal Spinal Cord Independent of Nkx6 Regulation and Shh 
Signaling," Neuron 45:41-53 (2005) 

• Introduced by appellant on May 25, 2005, and considered 
by the examiner in the office action, dated August 10, 2005. 

G. EXHIBIT 7 - Pringle et al., "Fgfr3 Expression by Astrocytes and Their 
Precursors: Evidence That Astrocytes and Oligodendrocytes Originate in 
Distinct Neuroepithelial Domains," Development 130:93-102 (2003) 

• Introduced by appellant on May 25, 2005, and considered 
by the examiner in the office action, dated August 10, 2005. 

H. EXHIBIT 8 - Gregori et aL, "The Tripotential Glial-Restricted Precursor 
(GRP) Cell and Glial Development in the Spinal Cord: Generation of 
Bipotential Oligodendrocyte-Type-2 Astrocyte Progenitor Cells and Dorsal- 
Ventral Differences In GRP Cell Function,' V. NeuroscL 22(l):248-256 (2002) 

• Introduced by appellant on May 25, 2005, and considered 
by the examiner in the office action, dated August 10, 2005. 

I. EXHIBIT 9 - Declaration of Steven A. Goldman under 37 C.F.R. § 1.132 
("First Goldman Declaration") 

• Introduced by appellant on June 4, 2001 , and considered by 
the examiner in the office action, dated August 28, 2001. 

J. EXHIBIT 10 - Third Declaration of Steven A. Goldman Under 37 C.F.R. 
§ 1.132 

• Introduced by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 



10063762.2 



App. Serial No. 09/282,239 

-24 



K. EXHIBIT 11 - Kirschenbaum et al., "In Vitro Neuronal Production and 
Differentiation by Precursor Cells Derived from the Adult Forebrain," 
Cerebral Cortex 6:576-89 (1994) 

• Introduced by the PTO in the December 5, 2000, office 
action, to which appellant responded on June 4, 2001 . Also 
presented by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 

L. EXHIBIT 12 - January 7, 2000, Research/Clinic Update for the National 
Multiple Sclerosis Society 

• Introduced by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 

M. EXHIBIT 13 - Summary of MS Research Progress - 1999, National MS 
Society, December 10, 1999 

• Introduced by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 

N. EXHIBIT 14 - "Beyond the Gray Area," Newsday Article, Jamie Talan 

• Introduced by appellant on December 1 8, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 
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O. EXHIBIT 15 - Roy et al., "Identification, Isolation and Promoter-Defined 
Separation of Mitotic Oligodendrocyte Progenitor Cells from the Adult 
Human Subcortical White Matter," J. Neuroscience 19(22):9986-9995 (1999) 
• Introduced by appellant on December 1 8, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 



P. EXHIBIT 16 - Windrem et al., "Progenitor Cells Derived from the Adult 
Human Subcortical White Matter Disperse and Differentiate as 
Oligodendrocytes Within Demyelinated Lesions of the Rat Brain," J. 
NeuroscL Res. 69:966-75 (2002) 

• Introduced by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 



Q. EXHIBIT 17 - Nunes et al., "Identification and Isolation of Multipotential 
Neural Progenitor Cells From the Subcortical White Matter of the Adult 
Human Brain," Nature Medicine 9:439-447 (2003) 

• Introduced by appellant on October 2 1 , 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 

R. EXHIBIT 18 - Windrem et al., "Fetal and Adult Human Oligodendrocyte 
Progenitor Cell Isolates Myelinate the Congenitally Dysmyelinated Brain," 
Nature Medicine 10:93-97 (2004) 

• Introduced by appellant on October 2 1 , 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 
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S. EXHIBIT 19 - Yakovlev et al., "A Stochastic Model of Brain Cell 
Differentiation In Tissue Culture," J. Math. Biol 37(l):49-60 (1998) 

• Introduced by appellant on October 21, 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 

T. EXHIBIT 20 - Bogler et al., "Measurement of Time In Oligodendrocyte- 
Type-2 Astrocyte (0-2A) Progenitors Is a Cellular Process Distinct from 
Differentiation or Division," Dev. Biol 162(2):525-38 (1994) 

• Introduced by appellant on October 2 1 , 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 

U. EXHIBIT 21 - Raff et al., "Platelet-derived Growth Factor from Astrocytes 
Drives the Clock that Times Oligodendrocyte Development In Culture," 
Nature 333:562-65 (1988) 

• Introduced by appellant on October 21, 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 

V, EXHIBIT 22 - Roy et al., "Progenitor Cells of the Adult Human Subcortical 
White Matter," In: Myelin Biology and Disorders, Vol. 1. R. Lazzarini, ed. 
ElsevienAmsterdam, pp. 259-287 (2004) 

• Introduced by appellant on October 2 1 , 2004, and 
considered by the examiner in the office action, dated 
January 13, 2005. 
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W. EXHIBIT 23 - Noble et aL, "The 02A (Adult) Progenitor Cell: A Glial Stem 
Cell of the Adult Central Nervous System," Seminars in Cell Biol. 3:413 -22 
(1992) 

• Introduced by appellant on December 18, 2003, and 
considered by the examiner in the office action, dated 
March 24, 2004. 
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XI. RELATED PROCEEDINGS APPENDIX 

There are no decisions rendered by a court or the Board on related appeals 
or interferences. 
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March 31, 1999 
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AND OLIGODENDROCYTE 
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R. Hutson 
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1652 



DECLARATION OF MAHENDRA S. RAO, M.D., PH.D. UNDER 37 C.F.R. §1.132 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

I, MAHENDRA S. RAO, M.D., Ph.D., pursuant to 37 C.F.R. § 1.132, declare: 

1 . I received an M.D. (MBBS) degree in Medicine from Bombay University, 
Bombay India and a Ph.D. degree in Medicine from California Institute of Technology in Pasadena, 
California. 

2. I am a Section Chief for the Stem Cell Unit at the Laboratory of Neuroscience, 
at NIA (National Institute on Aging), Triad Technology Center, 333 Cassell Drive, Baltimore, MD 
21224; an Associate Professor of Neurosciences at Johns Hopkins University School of Medicine, 
Baltimore, MD 21224; and an Associate Professor at NCBS, Bangalore, India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 6 1 5 Arapeen Drive, 
Suite 102, Salt Lake City, Utah 84108, which I understand has an exclusive license under the present 
patent application. 
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4. I am familiar with the subject matter of the present patent application which I 
understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 
progenitor cells where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. CNP2") is 
transcriptionally active in all cells of the enriched or purified preparation. 

5. I am a co-inventor of U.S. Patent No. 6,361,996 ("'996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. I present this 
declaration to demonstrate why the subject matter of the '996 Patent is very different from that of the 
present patent application. 

6. The '996 Patent discloses multipotential neuroepithelial stem cells and lineage- 
restricted astrocyte/oligodendrocyte precursor cells. The astrocyte/oligodendrocyte precursor cells are 
derived from neuroepithelial stem cells, are capable of self-renewal, and can differentiate into 
astrocytes and oligodendrocytes but not neurons. The '996 Patent characterizes these cells as 
" multipotential intermediate precursor cells restricted to glial lineages" (emphasis added)(column 23, 
lines 1-5). Similarly, my paper Rao, et. al., "Glial-Restricted Precursors are Derived From 
Multipotential Neuroepithelial Stem Cells," Devel. Biol. 188: 48-63 (1997) clearly demonstrates that 
such A2B5+/NCAM cells are capable of generating both astrocytes and oligodendrocytes and do not 
appear committed to the oligodendrocyte lineage. The '996 Patent's astrocyte/oligodendrocyte 
precursor cells are in a less differentiated state than the oligodendrocyte progenitor cells of the present 
patent application and, therefore, are very different from the cells described in this present application. 

7. Differences in the method, time of isolation, and propagation should also be 
noted. The cells in the present application were derived from the adult brain using a promoter reporter 
based strategy where the CNP2 promoter directed expression of green fluorescent protein. On the 
other hand, the astrocyte/oligodendrocyte precursor cells of the '996 Patent were derived from fetal 
and neonatal tissue using cell surface antigen expression and fluorescence based antibody capture. No 
strategy of using CNP2 (a cytoplasmic marker) expression, a CNP2 promoter, or a related promoter 
reporter strategy is described in the '996 Patent. 

8. The '996 Patent is directed to the enrichment of glial progenitor cells from 
newborn rat brain. Newborns have an abundant population of still-developing oligodendrocyte 
progenitor cells that may constitute a significant fraction of all of the cells in neonatal brain tissue. 
Yakovlev, et. al., "A Stochastic Model of Brain Cell Differentiation in Tissue Culture," J Math Biol, 
37(l):49-60 (1998)(Appendix 1); Bogler et. al., "Measurement of Time in Oligodendrocyte-type-2 
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Astrocyte (0-2A) Progenitors is a Cellular Process Distinct from Differentiation or Division," Dev 
Biol., 162(2):525-38 (1994)(Appendix 2); Raff et. al., "Platelet-derived Growth Factor From 
Astrocytes Drives the Clock That Times Oligodendrocyte Development in Culture." Nature 
333(61 73):562-65 (1 98 8)( Appendix 3) describe cell cycle changes as glial progenitor cells mature. 
They showed that adult cells differ in their cell cycle time and the number of divisions before they will 
become postmitotic. The present patent application discloses this for adult human-derived cells. In 
addition, adult-derived human oligodendrocyte progenitor cells differentiate as oligodendrocytes and 
produce myelin much more quickly than do fetal or neonatal oligodendrocyte progenitor cells. In 
particular, as recently reported in Nunes et al., "Identification and Isolation of Multipotent Neural 
Progenitor Cells from.the Subcortical White Matter of the Adult Human Brain," Nature Medicine 
9:239-247 (2003) (Appendix 4) and Windrem et al., "Fetal and Adult Human Oligodendrocyte 
Progenitor Cell Isolates Myelinate the Congenitally Dysmyelinated Brain," Nature Medicine 10:93-97 
(2004) (Appendix 5), adult-derived oligodendrocyte progenitor cells not only myelinate much more 
rapidly than do fetal oligodendrocyte progenitors, but they do so more efficiently, with a higher 
proportion exhibiting effective myelin production, and myelinating a greater number of neuronal 
axons per donor cell than their fetal-derived counterparts. Adult cells are thus fundamentally more r 
biased towards generating oligodendrocytes, towards maturing to express myelin proteins, and 
towards myelinating host axons. Moreover, adult cells execute all of these functions, and achieve each 
of these cellular milestones, much more quickly than fetal cells. As a result, they lend themselves to a 
very different set of potential clinical targets than fetal or neonatal-derived progenitors, as recently 
reported in Roy et al., "Progenitor Cells of the Adult Human Subcortical White Matter In: Myelin 
Biology and Disorders, vol. 1 . R. Lazzarini, ed. Elsevier: Amsterdam, pp. 259-287 (2004) (Appendix 
6). The adult oligodendrocyte progenitor cells of the present application are thus fundamentally 
different from the fetal or neonatal-derived astrocyte/oligodendrocyte precursor cells of the '996 



Patent. 



9. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
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punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 

patent issuing thereon. " 
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SECOND DECLARATION OF MAHENDRA S. RAO, M,D M PH.D. 
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Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sin 

I, MAHKNDRA S. RAO, M.D.. Ph.D., pursuant to 37 C.F.R. § 1.132, declare; 

I . I received an M.D. (MB8S) degree in Medicine from Bombay University, 
Bombay Jndia and a Ph.D. degree in Medicine from California Institute of Technology in 
Pasadena, California. 

2. I am a Section Chief for the Stem Cell Unit at the Laboratory of 
Neurosciencc, at NIA (National Institute on Aging), Triad Technology Center, 333 Casseil Drive, 
Baltimore, MD 21224; an Associate Professor of Neuroscienccs at Johns Hopkins University 
School of Medicine, Baltimore, MD 21224; and an Associate Professor at NCBS, Bangalore, 
India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 615 Arapecn 
Drive, Suite 102, Salt I -ake City, Utah 84108, which J understand has an exclusive license under 
the present patent application. 

4. I am familiar with the subject matter of the present patent application which 
I understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 



progenitor cells where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. CNP2) is 
transcriptionally active in all cells of the enriched or purified preparation. 

5. I am a co-invcntor of U.S. Patent No. 6361 ,996 ('"996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. I present this 
declaration to demonstrate why the subject matter of the '996 Patent is very different from that of 
the present patent application. 

6. The '996 Patent discloses multipotential neuroepithelial stem cells and 
lineage-restricted astrc^tc/oligodendrocyte precursor cells. The astrocyte/oligodendrocyte 
precursor cells are derived from neuroepithelial stem cells, are capable of self-renewal, and can 
differentiate into astrocyte, and oligodendrocytes but not neurons. The 996 Patent characterizes 
these cells as "multipotential intermediate precursor cells restricted to glial lineages" (emphasis 
addedXcolumn 23, lines 1-5). Similarly, my paper Rao. et a!., "Glial -Restricted Precursors are 
Derived From Multipotential Neuroepithelial Stem Cells." Devel. BuA. 188: 48-63 (1997) clearly 
demonstrates that such A2B5+/NCAM- cells are capable of generating both astrocytes and 
oligodendrocytes and do not appear committed to the oligodendrocyte lineage. The '996 Patent's 
astrocyte/oligodendrocyte precursor cells arc in a Jess differentiated state than the oligodendrocyte 
progenitor cells of the present patent application and. therefore, are very different from the cells 
described in this present application. 

7. As shown in Figures 1-2 of the '996 Patent, the astn^e/oligodcndiocyte 
precursor cells 14 and 54, respectively, differentiate directly into two cell types - i.e. of astrocytes 
and oligodendrocytes. We also know from clonal analysis that there is a homogeneous population 
of astrocyte/oligodendrocyte precursor cells in which individual cells generate oligodendrocytes 
and two kinds of astrocytes by the process described in the '996 Patent. It is important to note 
that multiple pathways to generate posMnitotic. mature oligodendrocytes, have been described. 
Anderson and colleagues have shown that an oligodendrocytc/motorneuron precursor exists that 
does not make astrocytes (Zhou et al., 'The bHLH Transcription Factors OUG2 and OLIGI 
Couple Neuronal and Glial Subtype Specification," Cell 1 09:61-73 (2002) (attached hereto as 
Exhibit I)). Other investigators have shown distinct sites of origin of oligodendrocytes and 
astrocytes presumably from separate precursors (VaJIstedt et al., "Multiple Dorsovcntral Origins of 
Oligodendrocyte Generation in the Spiral Cord and Hindbrain."yWn 45:55-67 (2005) (attached 
hereto as Exhibit 2) and Cai et al... "Generation of Oligodendrocyte Precursor Cells from Mouse 
Dorsal Spinal Cord Independent of Nk*6 Regulation and Shh Signaling." Neurpn 45:41-53 (2005) 
(attached hereto as Exhibit 3)). Yet other investigators have shown that different kinds of 
oligodendrocyte progenitors exist (Pringlc et al., -FgfrS Expression by Astrocytes and Their 
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Precursors: Rvidence thai Astrocytes and Oligodendrocytes Originate in Distinct Neuroepithelial 
Domains." Development 1 30:93-102 (2003) (attached hereto as Exhibit 4)). We are not aware of 
any evidence that the astrocyte/cJigodendrocvtc precursor cells of the «996 Patent generated 
mature oligodendrocytes by way of an intermediate oligodendrocytc-specific precursor. Indeed, 
Gregori et al., "The Tripotential Glial-Restricted Precursor (GRP) Cell and Glial Development in 
the Spinal Cord: Generation of BipotentiaJ Oligodendrocyte-Type-2 Astrocyte Progenitor Cells 
and Dorsal-Ventral Differences in GRP Cell Function,"/. NeurotcL 22(j):248-256 (2002) 
(attached hereto as Exhibit 5) have suggested that the '996 patent describes a glial progenitor that 
gives rise to a more restricted astrocyte/oligodendrocyte precursor that still directly makes 
predominantly astrocytes and a small minority of oligodendrocytes. Thus, cells in the '996 
Patent's pathway to oligodendrocyte production are bi-potential astrocyte/oligodendrocyte 
progenitor cells that have strong astrocytic bias. These cell types are very different from the 
oligodendrocytc-specified progenitor cells of the present application. 

8- I hereby declare that all statements made herein of my own knowledge arc 
true and that all statement, made on Information and belief arc believed to be tnie; and further that 
these statements were made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United 
States Code, and that s.ch willful false statements may jeopardize #e validity of the application or 
any patent issuing thereon. 
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Glial-Restricted Precursors Are Derived from 
Multipotent Neuroepithelial Stem Cells 



M. S. Rao* and Margot Mayer-Proschelt' 2 

■Department of Neurobiology and Anatomy. University of Utah Medical School SO North 
M^,rni r>ri V e Salt Lake City Utah 84132: and iHuntsman Cancer Institute. University of 
ufal BaOdlng 5701, Room 410C. Salt Lake City. Utah 84112 



Neuroemthelial cells in the developing ventricular zone differentiate into neurons, astrocytes, and oligodendrocytes. It ,s 
nol ZZn ho£Z Met this differentiation occurs in a single step or is a pathway utihz.ng mterrned ia te more 
resm^ter™sor cells. To characterize the generation of glial cells from multipotent stem ee ls we have cultured 
restneted precursor ceus i embryos. Cultured NEP cells do not express any glial differentiation markers 

SSSi t ES& »fa nondifferentiation conditions. NEP cells, however, differentiate into A2B5 
^munorelctive cells which can subsequently give rise to oligodendrocytes and astrocytes. Clonal analysts of NEP cells 
dTmons" ate *a« he A2B5 immunoreactive cells arise in clones that contain neurons and astrocytes ind.caung that 
A2B5* cell ^arise from multipotent NEP precursor cells. A2B5^ cells, maintained as undifferentiated cells over mulnple 
passaged ^ can^bsequTn^Ve rise to both oligodendrocytes and astrocytes. A2B5~ cells, however do not generate neurons^ 
Thus A2bT ceSrSresent a restricted progenitor cell population that differentiates from a mult.potent NEP cell. Based 
ol J ou, ™XU w propose that differentiation of the multipotential NEP cells to terminally differenced glial cells occurs 
via intermediate restricted precursors. © 1997 Academic Pre** 



INTRODUCTION 

Multipotent cells with the characteristics of stem cells 
have been identified in several regions of the central ner- 
vous system and at several developmental stages (for review 
see Gage et ah. 1995; Marvin and McKay, 1992; Skotf, 1996). 
These cells, often referred to as neuroepithelial stem cells 
(NEP cells), have the capacity to undergo self renewal and to 
differentiate into neurons, oligodendrocytes, and astrocytes 
(Davis and Temple, 1994 ; Gritti et ah. 1996; Reynolds et 
ah. 1992; Reynolds and Weiss, 1996; Williams et ah. 1991). 
The nervous system also contains precursor cells with re- 
stricted differentiation potentials (Kilpatrick et ah. 1995; 
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Price et ah, 1987, 1991; Reynolds et ah, 1992; Reynolds 
and Weiss, 1996; Williams, 1995; Williams et ah, 1991). 
Although it is likely that lineage-restricted cells are the 
progeny of multipotent cells, previous studies have not 
demonstrated a direct relationship between these two 
classes of cells (see reviews, Morrison et ah, 1997; Stemple 
and Mahanthappa, 1997; Temple and Qian, 1996). 

To demonstrate a relationship between multipotent stem 
cells and more restricted precursors we analyzed the devel- 
opment of glial-restricted precursors from NEP cells. We 
chose to focus on the transition of multipotent NEP cells 
to glial precursor cells, as glial precursor ceils are the best 
characterized intermediate precursor cells in the CNS. The 
most extensively studied precursor is called the oligoden- 
drocyte-type-2 astrocyte progenitor (0-2A) (Noble et ah, 
1990; Raff et ah. 1983; Tempel and Raff, 1986; Temple and 
Raff,' 1985). 0-2A precursors can be isolated and purified 
from postnatal rat optic nerve, cortex, and spinal cord and 
differentiate into postmitotic GalC" oligodendrocytes or 
into A2B5"/GFAP- type-2 astrocytes, which are distinct 
from CFAP-/A2B5" type-1 astrocytes (Raff et ah. 1983), de- 
pending on the culture conditions. 0-2A progenitor cells 
exhibit a proliferate response to a variety of mitogens, such 
as platelet-derived growth factor (PDGF) and basic fibroblast 
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growth factor (bFGF) (Card and Pfeiffer, 1990; Mayer et aL. 
1993- McKinnon et aL, 1990; Noble et aL. 1988) and can be 
kept 'in an undifferentiated dividing stage as long as both 
PDCF and bFGF are present in the culture medium (Bogler 
et al 1990). We have used antigenic markers and culture 
conditions described in the 0-2A system to determine glial 
generation in the early spinal cord. 

NEP cells derived from the embryonic spinal cord can be 
maintained in an undifferentiated stage over several pas- 
sages but retain the ability to generate neurons, oligoden- 
drocyte, and astrocytes (Rao et al., (1996) Neuroscience Ab- 
stract 215-12). We show that NEP cells differentiate into 
A2B5 immunoreactive cells that lack markers for other cell 
lineages and have a morphology similar to that of 0-2A 
progenitor cells isolated from other embryonic brain regions 
( Aloisi et aL, 1992; Fok-Seang and Miller, 1994; Temple and 
Raff 1985). We provide evidence that these A2B5" cells 
arise" from multipotent NEP cells, can be expanded for mul- 
tiple passages without losing their multipotentahty, and 
can generate oligodendrocytes and astrocytes but not neu- 
rons NEP-derived A2B5* cells thus represent ghal-re- 
stricted intermediate precursor cells. Using this system, we 
are able to demonstrate for^the first time that cells can 
progress from a multipotential stage to a terminal differenti- 
ated end stage via intermediate lineage-restricted precursor 
cells. 



MATERIALS AND METHODS 

Substrate Preparation 

Laminin, used at a concentration of 20 ^g/ml (Biomedical Tech- 
nologies Inc.), was dissolved in distilled water and applied to tissue 
culture plates (Falcon). For the fibronectin solution, fibronectin 
(Sigma) was resuspended to a stock concentration of 10 mg/ml and 
stored at -80°C and diluted to a concentration of 250 /ig/ml in 
DPBS (Gibco). The fibronectin solution was applied to tissue cul- 
ture dishes and immediately withdrawn. Subsequently the laminin 
solution was applied and plates were incubated for 5 hr. Excess 
laminin was withdrawn and the plates were allowed to air dry- 
Plates were rinsed with water and then allowed to dry again. 



Neuroepithelial Cell Cultures 



Sprague-Dawley rat embryos were removed at Embryonic Day 
10.5 (13-22 somites) and placed in a petri dish containing Hanks 
balanced salt solutions (HBSS, Gibco). The trunk segments of the 
embryos (last 10 somites) were dissected using tungsten needles, 
rinsed, and then transferred to fresh HBSS. Trunk segments were 
incubated at 4°C in 1% trypsin solution (Gibco) for a period of 10 
to 12 min. The trypsin solution was replaced with fresh HBSS 
containing 10% fetal bovine serum (FBS). The segments were gently 
titurated with a Pasteur pipette to release neural tubes free from 
surrounding somites and connective tissue. Isolated neural tubes 
were transferred to a 0.05% trypsin/EDTA solution (Gibco) and 
incubated for 10 min. Cells were dissociated by tituration and 
plated in 35-mm dishes (Nunc) at high density. Cells were main- 
tained at 37°C in 5% COj/95% air. Cells were replated at low den- 
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sity after 3 days. Cells from several dishes were then harvested by 
crypsinization (0.05% Trypsin/EDTA solution for 2 min], pelleted, 
resuspended in a small volume, and replated at a density ok dOOO 
cells/35-mm dish. The basal medium used in all experiments was 
a chemically defined medium modified from that described by 
Stemple et al < 1988). The medium consisted of DMEM-F12 (Gibco) 
supplemented with additives described by Bottenstein and Sato 
(1979) and bFGF (20 ng/ml) and C£E extract (10%) prepared as 
described previously (Stemple and Anderson, 19921. 

Clonal Cultures of Neuroepithelial Cells 

Cells were trypsinized and plated in 35-mm dishes coated with 
fibronectin/laminin at a dilution of 50 cells/dish. In some experi- 
ments cells were plated at 10 cells/dish. Cells were allowed to 
settle for a period of 4 hr, single cells were circled, and their develop- 
ment was followed in culture. In most experiments clonal cultures 
were terminated after 12 days. In experiments to demonstrate oligo- 
dendrocyte development clones were followed for 13-21 days. In 
these assays approximately 20-40% of single cells died within 24 
hr Of the remaining cells (60-80%) the large majority (< 90%) 
generated multipotent clones. Clonal plates were usually tnple- 
labeled with the cell surface antigen and the appropriate secondary 
antibodies. 

Generation of Neurons, Oligodendrocytes, and 
Astrocytes 

Neuroepithelial cells cultured in nondifferentiacing conditions 
for a period of 5 days were harvested by trypsinization and replated 
onto dishes sequentially coated with fibronectin/laminin (0.25 mg/ 
ml) in neuroepithelial culture medium. For neuronal and oligoden- 
drocyte differentiation, the medium consisted of neuroepithelial 
culture medium described above with the. omission of 10% CEE 
(-CEE condition). For astrocyte differentiation the -CEE medium 
was supplemented with 10% fetal calf serum. Differentiation was 
assayed 5 days or 9 days after replating (as detailed in the results). 

Imrnuno panning ofA2B5 + CeUs 

NEP cells were cultured in -CEE conditions for 6 days and the 
A2B5* cell population was purified using a specific antibody-cap- 
ture assay (Wysocki and Sato, 1978) with modification utilized pre- 
viously (Mayer et al, 1994). In brief, cells were trypsinized and the 
suspension was plated on an A2B5 antibody (Eisenbarth et aL, 
1979)-coated dish to allow binding of all A2B5* cells to the plate. 
The supernatant was removed and the plate was washed with 
DMEM supplemented with additives described by Bottenstein and 
Sato (1979) (DMEM-BS). The bound cells were scraped off and 
plated on fibronectin/laminin-coated glass coverslips in 300 y\ 
DMEM-BS * growth factors at 5000 cells/well. In the final culture 
the contaminating number of A2B5" cells represented less than 
10% of the total cells. The A2B5 antibody for coating the plates 
was used at a concentration of 5 jig/ml protein. Cells were allowed 
to bind to the plate for 20-30 min in a 37°C incubator. Growth 
factors were added every other day at a concentration of 10 ng/ml. 
Recombinant human PDGF-AA was a kind gift from C George- 
Nascimento and L. Coussens (Chiron Corp.). Recombinant rat 
CNTF was obtained from Precision Research Biochemicals. Re- 
combinant bFGF was purchased from PcroTech Inc. and retinoic 
acid (RA) was obtained from Sigma. 
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Clonal Cultures of A2B5+ Cells 

After CEE withdrawal cells were stained with A2B5 and IgM- 
monoclonal antibody FITC [Southern Biotechnologies) and plated 
^ a limited dilution in 96-well plates coated with Bbronectin/ 
Urnin n « a dilution of I cell/well. Cells were allowed to settle 
to a oenod of 4 hr and wells containing one A2B5^ stained cell 
I r recorded. Cells were cultured in the presence of PDCF and 
bFCF for 7 days in which clones usually reached a size oi dO-200 
ceT/clone. Aiter washing with bFGF-free DME^BS ; „dmda. 
clones were grown in a medium supplemented wjhJDain^t 
experiments clonal cultures were stained after 12 days. In experi- 
ments designed to demonstrate oligodendrocyte development 
clones were followed for 18-21 days. In experiments where self- 
renewal capacity was demonstrated, clones were replatcd into 3d- 
Z ^LnMcr expanded with PDGF/bFGF. C ones were 
propagated through four passages. After each passage clones were 
stained with A2B5 to determine their homogeneity. 

Immunocytochemistry 

Staining procedures were as described previously (Mayer et al 
19941 The antibodies used are listed in Table 1- Staining for the 
cell surface markers A2B5, «-GalC, 04 (cell lines obtained trom 
ATCC1 andp75 (Yokoyama et al, 1993) was carried out in cultures 
of living cells To stain cells with antibodies against internal anti- 
gens like GFAP (Sigma), which recognizes specifically astrocytes 
fBignami et al, 1972}, 0-W tubulin (DAKO) and RT-97 which stain 
neurons (Geisert and Frankfurter, 1989), nestin, a marker for undif- 
ferentiated stem cells (Lendahl et al, 1990|, or S-bromodeoxyun- 
dine (BrdU, Sigma), to determine the number of dividing cells cul- 
tures were fixed with ice-cold methanol. All secondary monoclonal 
antibodies were purchased from Southern Biotechnology. 

Double labeling experiments were performed by simultaneously 
incubating cells in appropriate combinations of primary ^ tlb °*" 
followed by non-cross-reactive secondary antibodies. In triple label 
experiments, cultures were incubated with the prima ^ antibody 
in blocking buffer for a period of 1 hr, rinsed with buffer (PBS I, and 
• incubated with a species-specific secondary antibody in blocking 
buffer for 1 hr. Cultures were rinsed three times with PBS and 
examined under a fluorescent microscope. For labeling cultures 
with four antibodies simultaneously, Live ceUs were first incubated 
with the surface antibodies A2BS and a-GalC without the second- 
ary layers Clones were then fixed in ice-cold methanol for 10 mm 
and stained with a-P-JB tubulin and the appropriate secondary anti- 
body After scoring the result of this staining, which one of it usu- 
ally being negative, clones were stained with GFAP and the second- 
ary layer for the first set of surface antibodies. Finally, the second- 
ary antibody for GFAP was added. This procedure allowed staining 
with four antibodies using only three fluorescent-color conmgated 
secondary antibodies. 



RESULTS 

Neuroepithelial CeUs Do Not Express 
Oligodendrocyte Lineage Markers in Vivo 
and in Vitro 

Neurons, oligodendrocyte, and astrocytes can be identi- 
fied using a variety of lineage-specific markers (Table 1) 
(Eisenbarth et al, 1979; Geisert and Frankfurter, 1989; Som- 



mer and Schachner, 1981; Trimmer et al, 1991). In addition 
to defining differentiated cells, some precursor cells can also 
be recognized by specific antibodies. We employed two such 
markers in this study: nestin is expressed by a variety at 
undifferentiated cells in the CNS (Dahlstrand et al 1992a, 
1992b ; Lendahl et al, 1990 ; Tohyama et al, 992, 1993; 
Zimmerman et al, 1994), while the A2B5 antibody labels 
0-2A progenitor cells (for summary see Table 1). 

NEP cells in vivo do not label with any lineage markers 
tested (Fig. 1, ar-GalC and a-P-W tubulin not shown) as 
determined by labeling the neural tube sections of rat em- 
bryos at 10.5 days gestation with differentiation markers 
(Fig. 1 and Table 1). Nestin was, however, expressed uni- 
formly throughout the tissue. , , , , 
To determine whether NEP cells isolated from the neural 
tube at that stage remained negative for differentiation 
markers in vitro, dissociated NEP cells from the rat spinal 
cord at Day 10.5 were plated on fibronectin/laminin coated 
dishes Cells were cultured in the presence of bFGF (10 ng/ 
ml) and 10% chick extract (CEE) for 3 days. In this culture 
condition, cells grew as a population of undifferentiated 
precursor cells which can be propagated in culture for at 
least 5 passages as long as bFGF and CEE are constantly 
supplied (Rao et al (1996) Neuioscience Abstract 213.12). 
NEP cell cultures were established and stained after 3 days 
of in vitro growth with antibodies present on lineage com- 
mitted glial cells (Table 1). Consistent with the in vivo 
staining pattern, cultures were a-nestin + and a-CFAP and 
A2B5" (Fig. 2) as well as negative for other lineage markers 
(Table 1). 

A2B5 Immunoreactivity Defines Glial-Specific Cells 
in the NEP Cell Population 

A2B5 immunoreactivity identifies a glial precursor cell 
at various stages of development in the brain (Noll and 
Miller, 1993; Pringle and Richardson, 1993; Raff et al, 1983; 
Warf et al, 1991; Yu et al, 1994] and spinal cord (Fok-Seang 
and Miller, 1994). We therefore examined the expression of 
A2B5 in NEP cultures. Seventy percent of NEP cells cul- 
tured in the absence of CEE for 3 days exhibit A2B5 immu- 
noreactivity (data not shown, see, however, Fig. 3). These 
A2B5* cells had a flat morphology and were able to divide 
in the presence of bFGF. After 4 days in culture in the 
absence of CEE, 81 ± 7% of A2B5^ NEP cells, stained with 
anti-BrDU for 24 hr, were engaged in cell division (Fig. 3). 
Double labeling the NEP-derived A2B5 + cells with the anti- 
bodies a-nestin, a-GalC, a -GFAP, tubulin, and a- 
p75 (p75, an antibody against the low-affinity NGF receptor, 
has been described to recognize a subset of astrocytes) 
showed that none of the lineage markers were coexpressed 
on A2B5" cells (Fig. 3). A substantial subset of the A2B5' 
cells, however, expressed a-nestin. This coexpression of a- 
nestin and A2B5 has previously been described on Q-2A 
progenitor cells. Thus NEP-derived A2B5* cells are antigen- 
ically similar to 0-2A progenitor cells. 

A2B5^ cells when stained after an additional >2 days in 
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A2B5* 
04 

a-GalC 
a-GFAP 
a-p-W. tubulin 
RT-97 



Mouse (IgM) 
Mouse (IgM) 
Mouse (IgG) 
Rabbit [IgG] 
Mouse (IgG) 
Mouse (IgG| 



1:2 
1:2 
1:2 
1:500 
1:400 
1:5 



GangHosides 
Galactoside 
Galactocerebroside 
Glial fibrillary acid protein 

tubulin 
Neurofilament 



Glial precursors 
Oligodendrocytes/precursors 
Oligodendrocytes 
Astrocytes 
Neurons 
Neurons 



Note. Antibodies were used in combination for. ^^^^ ^d others have found chat A2B5 is specific for glial cells 
- A2B5 was originally identified as a neuronal marker (Eiscnbarth, iy/y|. 
in this system. 



cultures had begun to express g^-sP^ ^ t irrt to 
population of cells were clearly GalC; by that time. To 
confirm that cells were sequentially differenuanng into oh- 
godendrocytes. cultures were stained w«h 04 and I «-G.lC. 
As expected, 30% of the 04~ cells coexpressed "GalC, re- 
sTmbTmgimmature oligodendrocytes. Double labeling wuh 

AB5 and a-GFAP showed that 10% of the A2B5^ cells were 
also GFAP", resembling the antigenic characteristic of type- 
2 astrocyte; (Figs. 4A-4F). All the marker, ; w^hw«e 
coexpressed at that later time point on a subset of AMto 
cells are characteristic of cells which have been described 
to belong to the O-IA lineage. This observation sugges cd 
that at least a subset of the A2BS~ cells represented glial 
precursor cells and that A2B5 was a useful marker to define 
this subpopulation of cells in more detail. 

A2B5 r Cells Arise from Multipotential Stem Cells 

To investigate whether A2BS* cells arise from multipotent 
NEP cells or whether A2B5^ cells arise from an ah «ady com- 
mined subpopulation of A2B5' NEP cells, we plated cells at 
clonal densities and followed their development m <^«* e f °< 
10 days. Dishes were then double stained with the antibodies 
A2B5/«-/3-Tfl tubulin or A2B5/ot-GFAP ffigs. 5A ; and oB, re- 
stively) and 132 clones were analyzed (Table 2K Nearly all 
132 analyzed clones consisted of a mixture of A2B5 , GFAr , 
and 0-m tubulin* ceUs. Ninety-one percent of the clones con- 
tained cells that were either A2B5* or ar-GFAP*, while 93 h 
- of the clones were either A2B5* or a-0-Ul tubulin None of 
the analyzed clones consisted only of cells which were A2Bo 
It is noteworthy that although at this early stage none of 
the clones contained GalC cells, oligodendrocytes could be 
identified in clonal cultures and in mass cultures at later 
stages (12-15 days post-CEE condition). 

The clonal analyses suggested that the A2BS* population 
arose from a common multipotential A2B5" precursor cell. 

A2B5^ CeUs Differ from Neuroepithelial CeUs in 
Their Differentiation Potential 

The mass culture and the clonal experiments suggested 
that the marker A2B5' defines cells which might represent 



the precursors for glial cells but not for neurons In order 
to determine directly whether NEP-derived AM^ cells can 
only give rise to glial cells, we purified the A2B5 papula- 
£?5 immunoptnning (see Materials and Methods). After 
5 days of culturing NEP cells in the absence of CEE, cells 
were immunopurified, plated on fibronectm laminin- 
coated dishes, and exposed to cytokines previously associ- 
ated with differentiation of precursor into oligodendrocytes, 
astrocytes, or neurons. The A2B5 panned population was 
>98% positive for A2B5' cells when stained 1 hr after pan- 
ning Staining 24 hr after plating showed that all cells of 
the panned population were A2B5* and did not express any 
other lineage markers tested (Fig. 6, a-6-Vl tubulin staining 

n0 pa S n h neTculture S , in the presence of bFGF alone for 5 days 
consisted of 1% oligodendrocytes, 50% GFAP ?«°cy«s. 
and 49% A2B5^ cells. The proportion of differentiated cells 
was significantly shifted when the bFGF containing me- 
dium was replaced after 3 days with medium supplemented 
only with PDGF. In this condition, 30% of the culture con- 
sisted of oligodendrocytes, 50% of astrocytes, and 20 /o ot 
the cells were A2B5* cells (Fig. 7 I- , 

Although growth in the presence of bFGF alone was suf- 
ficient to allow differentiation of NEP cells into neurons 
in the parent population (details of the parent population 
described in Kalyani et al.. 1997) we failed to detect any 
neurons in the A2BS*-panned population cultured in the 
presence of bFGF (Fig. 7|. To enhance the probability of 
neuronal differentiation, we additionally supplemented the 
medium with retinoic acid (in this culture condition 10 of 
10 clones of the parent population contained /MO tubulin 
neuronsl. Even in this neuron promoting environment the 
immunopurified A2B5* population did not contain /3-D 
tubulin- cells. It was unlikely that we lost the neuronal 
population through selective cell death because we did not 
observe significant cell death in the panned mass cultures 
at any time, suggesting that neurons did not appear rapidly 
and died, nor did we detect any evidence of /Mil tubulin 

^nese results suggested that the precursor cells which 
are responsible for generating neurons were not part of the 
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PIG 1 Neural tube from rat embryos at 10.5 days gestation did not express glial lineage markers. Z™?*™^™ ^ ^ 
neural tubes dissected, fixed, and sectioned. Sections were double labeled with .-nestin a-CFAP or A2B5 ( A-F) ^ '^° res ""^?^ 
(phase) show a representative section illustrating nestin expression in the neural tube. B, C. E, F show that nestin cells are A2Bo and 
CFAP-. 
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Nestin 1 A2B5^ 



FIG. 2. NEP cells do not express glial markers in vitro in the presence of CEE. E10.S ?<^. '^J^ ™ « S^T^SfS a- 
Iow density, and grown in the presence of bFGF and CEE for 5 days. Cells were double labeled w.th anesun and a-GFAP (A and B) 
nestin and A2B5 [C and D). All NEP cells are nestin* and CFAP"/A2B5 
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A2B5/BrdU 



A2B5/nestin 




A2B5/b4ft tubulin 



FIG 3 A2B5* cells divide in vitro and do not express other differentiation markers after S days in culture. E10.5 rat neural tube cells 
were dissociated, grown for 3 days in the presence of CEE and bFGF. and then replated at 5000 cells/covershp in medium devoid of CEE 
an^dittonal 5 days. Cells were incubated for 24 hx with BrDU and stained with ami-BrdU. Parallel cultures were double stained after 
7 days with ^BS/ a -nestin, A2BS/*.CalC, A2B5/«-GFAP. A2B5/a- P 75, or A2B5/«-/MII tubulin 20% of the A2B,- "Us were nestm 
while all A2BS- cells were negative for differentiation markers. A2B5 staining is shown in green (fluorescein) while a-BrDU, a-nestin. a- 
GalC, cr-GFAP, a-p75, and a-P-lll tubulin are stained in red {rhodamine). 
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FIG. 4. A2B5 1S -expressed with other glial markers aher 7 days in cul 3£ 

3 days were harvested, replated in bFGF containing NEP mecUurr i without ^ ^ also GaK r or GFAP*. 

dishes were double labeled with A2K/«-G.lQ 04/«-GalC, *^&%J^iWSo^ and Schachner, 1981, 

The GaiC704+ ceUs represented immature oligodendrocytes [Bansal et al. 1989; Card ana rieiner, m , 

Warrington and PfeiffeT, 1992}. 
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stained in red (rhodamine}. 



immunopuriaed A2B5* population. As the AIBo-panned 
cells gave rise to astrocytes and oligodendrocytes but not 
to neurons, it appeared that the A2B5* population contained 
precursor cells which were restricted to the glial lineage. 

A2B5+ Cells Generate Multipotential Glial 
Precursor Cells 

Our mass culture experiments suggested that the A2B5 
panned population contained cells with a differentiation 
potential restricted to glial lineages. This experiment, how- 
ever did not address whether astrocytes and oligodendro- 
cytes are generated from committed unipotential ceils pres- 
ent in the A2B5^ population or whether single cells are 
bipotential and can generate both astrocytes and oligoden- 



TABLE 2 

NEP Cells Generate Mixed Clones in Vitro 



Antigen expressed 



Percentage of 
clones 



A2B5*//3-IH tubulin- 
A2B5-/GFAP* 
A2B5" alone 

Total number of 
clones analyzed 



93 
91 
0 

132 



Number of 
clones 

71/76 
51/56 
0/132 



Note NBP cells were isolated and grown at clonal densities in 
the absence of CEE and in the presence of bFGF. After 7 days clones 
were stained with antibodies against A2B5/a-/?-UI tubulin or A2B5/ 
a-GFAP The majority of clones contained a mixture of cells either 
A2B5/0-HI tubulin^ or A2B5/GFAP*. No pure clones were found. 



drocytes To address this question we performed clonal ex- 
periments, wherein the A2B5-panned population was 
stained with A2B5 1 day after panning and cells were plated 
at limiting dilution in 96-well plates. Weils were scored 
with immunofluorescence and wells with °ne A2B5 - 
stained cell were recorded and cultured in PDGF/bFGF for 
7 days This procedure allowed the expansion of clones and 
also minimized the amount of cell death occurring when 
single cells were plated directly into differentiation condi- 
tions (unpublished observation). After 7 days expanded 
clones contained from 50 to 200 cells and were uniformly 

^he majority of the clones (51) were first washed with 
bFGF-free DMEM-BS and then switched to PDGF-suppie- 
mented medium, an effective culture condition to induce 
oligodendrocyte generation as shown in mass culture exper- 
iments All clones contained oligodendrocytes, GFAP* as- 
trocytes, and A2B5* cells, while none of the clones con- 
tained 0-m tubulin" cells, suggesting that single A2B5^ 
cells were at least bipotential and also were restricted to 
glial cell lineages (Table 3). A representative clone expanded 
in PDGF/bFGF, switched to PDGF, and stained after 7 days 

is shown in Fig. 8. AOT>r + n 

We also tested the differentiation potential of A2B5 ceils 
in a culture medium supplemented with bFGF and CNTF, 
From our panned mass culture experiments, it seemed clear 
that bFGF alone leads to an increase in the number of 
GFAP" astrocytes and a decrease in the number of oligoden- 
drocytes. Depending on culture conditions, CNTF has been 
shown to promote oligodendrocyte generation (Mayer et al. 
1994) or to lead to the generation of type -2 astrocytes, which 
express A2B5 and GFAP transiently (Lillien and Raff, 19901 
or stably iFok-Seang and Miller, 1992; Madarasz et ai, 
1991). We analysed a total of six clones, which were ex- 
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FIG. 6. 

immunopurification and cultured in the presence 
culture all A2B5* cells were and a-GFAP /a-GalC- 



B 



f 



FIG. 7. A2B5- cells diiferentUrc inro oligodendrocytes and astrocytes but not into ^^^JjZl'S 
in the presence of PDGF ,A, or bFGF (B, or , days ^>~^ £^B5 'cc.ls but no neurons, 



5^^t»" SIXS ™ - ce,U but no neuron,. 
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TABLE 3 

Individual A2B5- Cells Are Multipotential 




Growth condition 






FCF 


Marker expressed 


PDGF 


CNTF 


A2B57GFAP 4 
A2BS" 
GFAP* 
GalC* 

/3-m tubulin* 


0 
51 
SI 
51 
" 0 


6 
6 
4 
1 
0 


Total number of clones 


51 


6 



Note NEP derived A2B5 + cells were immunopurified and plated 
at serial dilution in 96-well plates. Individual A2BS irnmunoreac- 
tive cells were identified and expanded in PDGF/bFGF for 7 days, 
before replacing the culture medium with DMEM-BS supple- 
mented with PDGF or bFGF/CNTF. After 7 days clones were 
stained. All clones were labeled with all antibodies in one staining 
procedure (see Material and Methods). 



panded in PDGF/bFGF and then switched to bFGF/CNTF. 
Surprisingly, all six clones contained cells which were 
A2B57GFAP*, resembling the type-2 astrocyte phenotype. 
Only 1 clone contained GalC* oligodendrocytes and no 
clone contained /ME tubulin* cells (Table 3). This result 
suggested that in the presence of CNTF and bFGF, A2B5 
cells predominantly differentiate into ceils with a type-2 
astrocytic phenotype. 

We also analyzed Eve A2B5" clones in different neuron 
promoting conditions and, as before, were unable to gener- 
ate neurons. Five PDGF/bFGF expanded clones were tryp- 
sinized, divided into two portions, and replated into either 
bFGF alone or bFGF supplemented with retinoic acid. 
Clones were stained with the antibodies A2B5, a-GFAP, a- 
GalC, and a-0-HI tubulin (Table 4|. None of the clones, 
regardless of whether cells were grown in bFGF alone or 
bFGF/RA, contained /Mil tubulin". In contrast, all five 
clones consisted of a mixture of cells that were either A2B5 - 
or GFAP", but not both. Only one clone grown in bFGF 
alone contained GalC* oligodendrocytes, while in bFGF/ 
RA no GalC* oligodendrocytes were found. These data sup- 
port the initial observation, that A2B5" cells isolated from 
induced NEP cell cultures were multipotential and re- 
stricted in their differentiation potential to cells of the glial 
lineages. 

A2B5+ Cells Have an Extended Self-Renewal 
Potential 

In order to fulfill the criteria of a true intermediate precur- 
sor, cells need to have an extended self-renewal capacity 
without losing the ability to differentiate into more than 
one specific cell type. 

To test the sell-renewal capacity of individual A2B5* 



cells we selected two clones expanded in PDGF/bFGF for 
7 days for long-term culture and passaging. The two clones 
were refed every other day with PDGF/bFGF and main- 
tained for a total of 3 months with 4 serial passages. Clones 
were grown in PDGF/bFGF as this combination of cyto- 
kines apparently inhibited differentiation and promoted di- 
vision. Cells were stained before and after each passage and 
were negative for differentiation markers but A2B5" at all 
time points. To determine the differentiation potential of 
long term clones, during each passage single cells were re- 
plated reexpanded to 50-200 cells, and switched to PDGF 
alone to promote differentiation. In this secondary cultures 
oligodendrocytes and astrocytes appeared consistently after 
8-10 days (Fig. 9). The ability to differentiate into oligoden- 
drocytes and astrocytes was not altered significantly with 
increased passages, suggesting that these long-term propa- 
gated cells were still multipotential. 

Our results show that A2B5* cells that differentiate rrom 
multipotcne NEP cells can be expanded and propagated as 
precursor cells. Passaged individual A2B5 cells self-renew 
and are able to generate oligodendrocytes, A2B5*, and 
A2B5" astrocytes, but not neurons. NEP-derived A2B5" 
cells thus represent multipotential intermediate precursor 
cells restricted to glial lineages. 



DISCUSSION 

We have shown that multipotent NEP cells can be in- 
duced to generate self-renewing precursor cells restricted to 
subsequent glial differentiation. This self-renewing precur- 
sor population can be isolated by immunopanning using the 
monoclonal antibody A2B5 and can be maintained in an 
undifferentiated state over multiple divisions when grown 
in PDGF and bFGF. A2B5" cells differ from the parental 
NEP cell population in antigenic phenotype and differentia- 
tion potential. A2B5* cells lack the ability to differentiate 
into neurons under conditions that promote neuronal dif- 
ferentiation in NEP cells. A2B5" cells retain, however, 
the ability to differentiate into oligodendrocytes and astro- 
cytes and are thus identified as multipotential precursors 
(Fig. 10). 

Several lines of evidence show that the A2B5 lmmunore- 
active glial-restricted precursors arise from multipotent 
NEP cells; (i) NEP cells are a homogeneously nestin*/A2B5 
population of cells; (ii) Clonal analysis of NEP cell cultures 
fail to reveal clones that give rise only to glial cells; (iii) 
A2B5* cells always arise in clones that contain A2B5" neu- 
rons and astrocytes. Thus we can find no evidence that 
the NEP cell population contains a committed A2B5 02A 
progenitor. A glial-restricted A2B5" precursor cells ("pre- 
02A") has been described by (Grinspan et al. 1990). This 
"pre-02A" precursor, however, can be distinguished from 
NEP cells in its proliferation response to PDGF and its in- 
ability to differentiate into neurons. We suggest that this 
A2B5~ cell type could represent an additional intermediate 
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m tubulin (coumarin). A total of 5 1 clones was analyzed (Table 3). 



step involved in the transition from NEP cells to A2B5^ 

cells. . . . 

The possibility that NEP cells contain subpopu ations 
which are A2B5' that give rise to precursor populations 
with other kinds of restrictions cannot .be ruled out by our 
present experiments. Retroviral lineage tracing experiments 
have suggested the existence of ohgodendrocyte-neuron pre- 
cursor cells in addition to neuron-astrocyte or olisodendro- 
cyte-astrocyte precursor cells (Price et'al. 1991; 1992; Wil- 
liams, 1995; Williams el al, 1991}. While we cannot iden- 
tify putative oligodendrocyte-neuron precursor cells in the 
A2B5^ population, such cells may well exist in our culture 
conditions among the A2B5" population. We did indeed ob- 
serve the generation of oligodendrocytes and neurons when 
the A2B5- supernatant from the immunopanning procedure 
was cultured- These differentiated cells, however could 
also have been the progeny of undifferentiated NEP cells. 
Without additional markers for either NEP cells or AlBs 



oligodendrocyte-neuron progenitor cells this issue cannot 
be resolved yet. Alternatively it is possible that the oligo- 
dendrocyte-neuron precursor cells previously described are 
multipotent NEP cells that have the capacity to produce all 
three cell types (oligodendrocytes, neurons, and astrocytes) 
but do not differentiate into astrocytes due to environmen- 
tal restrictions and therefore appear to be restricted to an 
oligodendrocyte-neuron pathway. In addition a true oligo- 
dendrocyte-neuron restricted precursor cell could represent 
a specialized precursor cell pool restricted to the ventricular 
zone of the cortex. m A „ n -- 

An important characteristic of the NEP-denved A2Bo 
population is the inability to generate neurons under condi- 
tion where the parent population generates a large number 
of neurons. For example, 10 of 10 clones of the parent popu- 
lation grown in the presence of bFGF/RA contain /Mil 
tubulin" neurons compared to 0 of 5 clones of the A2Bo 
population. It is noteworthy that the A2B5' cells when 
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TABLE 4 

Individual A2B5' Cells Cannot Generate Neurons 

Growth condition 



Marker expressed 

A2B5-/GFAP- 
A2B5" 
GFAP" 
GalC* 

tubulin" 

Total number of clones 



FGF 



FGF 
RA 



0 
5 
5 
1 
0 



Note NEP-denved A2B5^ cells were immunopuri6ed and plated 
at limiting dilution in 96-well plates. Individual A2B5 iimmunoie. 
ZTe cells were identified and expanded in PDCF/bFGF. *tcr 7 
days clones were .witched to bFGF or bFGF/KA and stained 7 days 
later All clones were labeled with the indicated antibodies in one 
staining procedure (see Materials and Methods). 



grown in the presence of retinoic acid (RA did not only 
fail to generate neurons, but did also not differentiate into 
oligodendrocytes. This result is consistent with observa- 
tions published by Noll and Miller (1994). Although the 
A2B5- cell population appears morphologically homoge- 
nous and uniform in its antigenic phenotype, it nevertheless 
remains to be determined whether this population is also 
truly homogenous in its differentiation potential. All A2Bs 
cells that could be clonally expanded in the presence of 
PDGF and bFGF were multipotential and gave rise to both 
astrocytes and oligodendrocytes. Whether unipotent cells 
exist that require other expansion conditions remains a pos- 
sibility. We note, however, that less than 10% of the A2B;> 
population underwent cell death when cells were expanded 
in PDGF and bFGF. Thus, if additional glial restricted pre- 
cursors exist they likely represent a small fraction of the 
A2B5 population. 

Our clonal analysis of A2B5 immunoreactive cells shows 
that single A2B5 + cells can be expanded and propagated in a 
mixture of PDGF/bFGF without losing their differentiation 
potential. Expanded clones can differentiate into astrocytes 
and oligodendrocytes but not into neurons. The culture con- 
dition determines what glial differentiation pathways are 
chosen by a clone. PDGF promotes the differentiation into 
oligodendrocytes, whereas bFGF promotes astrocytic differ- 
entiation. The presence of CNTF leads to the coexpression 
of A2B5 and GFAP in the majority of cells. This appearance 
of the type-2 astrocytic phenotype could resemble a prefer- 
ence tor a specific astrocytic differentiation pathway pro- 
moted by CNTF. Whether A2B5' astrocytes generated m 
the presence of CNTF represent a functionally distinct phe- 
notype from the A2B5" astrocytes generated in the presence 
of bFGF remains to be determined. 

Comparison of the NEP-derived A2B5" precursor with 
other glial-restricted precursors identified in the CNS 
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(Aloisi Et al. 1992 ; Blau and Hughes, 1990; Cameron and 
Rakic 1991; Chan et al. 1990; Cochard and Giess, 199s>,- 
Davis'and Temple, 1994 ; Elder et *i 1988, Fok-Seang and 
Miller 1994; Fulton et al, 1992; Galileo et al, 1990 ; Card 
et al 'l995 ; Grinspan et al. 1990; Hardy and Reyno ds, 
1991- Hardy and V. L. Friedrich, 1996 ; Knapp, 1991; Luskin 
et al 1993- Miller, 1996; Ono et al, 1995; Raff et al, 1983; 
Rivkin et al, 1995; Wood and Williams, 1984) reveals sev- 
eral similarities and differences. NEP-dcrivcd A2B5" cells 
share several characteristics with optic nerve-denved 0-2A 
progenitor cells, including morphology, migratory nature, 
responsiveness to PDGF and bFGF, and the ability to gener- 
ate oligodendrocytes and type-2 astrocytes. In contrast to 
postnatal 0-2A progenitor cells, however NEP-denved 
A2B5* cells can also give rise to astrocytes that are GFAP / 
A2B5" (and therefore not Type 2 astrocytes). Thus, it is 
possible, that A2B5^ cells purified from NEP ceils represent 
an earlier stage of glial precursor cell development than 
the A2B5~ 0-2A progenitor cells that have been studied so 

extensively. , 
Previous studies have also identified the existence of 
A2B5" precursor populations in the spinal cord which are 
able to generate oligodendrocytes and astrocytes (Fok-Seang 




FIG. 9. A2B5- cells can be propagated without losing their differ- 
entiation potential. (A) Phase contrast picture of a long-term clone 
grown in PDGF/bFGF for 3 months after four passages. (B) An ali- 
quot of this clone was replated after trypsiruzation on a coversiip, 
grown in medium supplemented with PDCF, and stained after 10 
days with A2B5 (coumarin), ct-GFAP (fluorescein), a-GalC (rhoda- 
mine), and a-0-lU tubulin (rhodamine). The clone contained a 
mixed population of glial cells but no neurons. 
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A2B5" 
04 +/ - 



Oligodendrocyte Astrocyte 



FIG 10. Model for the generation of glial cells from multipotent 
NEP cells While neuroepithelial cells (NEP), which can be ex- 
panded in the presence of FCF and chick extract (CEE) are not 
restricted in their differentiation potential to specific lineages upon 
CEE withdrawal, A2B5* cells which arise from this NEP cell popu- 
lation progress to a stage where they lose the potential to generate 
neurons, but are still able to give rise to oligodendrocytes (O) a 
pathway promoted by platelet-derived growth tactor (P), and anti- 
genicallv different types of astrocytes (A) depending on the presence 
of CNTF. These O-A progenitor cells can be expanded in the pres- 
ence of a combination of P and F. 



and Miller 1992, 1994 ; Waif et al, 1991). Our results con- 
firm and extend these observations by demonstrating the 
transition from undifferentiated NEP to at least bipotential 
A2B5^ cells. It seems likely that at least a subpopulation 
of NEP-derived A2B5* cells described here is identical to 
previously described A2B5 + cells present in embryonic spi- 
nal cord. 

In summary, we have provided direct evidence for a lin- 
eage relationship between multipotent and lineage-re- 
stricted precursor cell populations and have identified mor- 
phological, antigenic, and cytokine dependence data to dis- 
tinguish between the two populations. The data presented 
show for the first time that the transition of multipotent 
cells to terminally differentiated cells involves the genera- 
tion of more restricted precursor cells. Equally importantly 
we have established an accessible culture system to follow 
the development of isolated precursor cells and to study the 
cellular and molecular events that regulate differentiation 
processes. It remains to be determined whether this para- 
digm is used by early stem cell populations derived from 
regions other than the spinal cord. 
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Summary 

OLIG1 and OLIG2 are basic-helix-loop-helix (bHLH) 
transcription factors expressed in the pMN domain of the 
spinal cord, which sequentially generates motoneu- 
rons and oligodendrocytes. In Olig1/2 double-mutant 
mice, motoneurons are largely eliminated, and oligo- 
dendrocyte differentiation is abolished. Lineage trac- 
ing data suggest that Oligl r '-2'- pMN progenitors in- 
stead, generate V2 intemeurons and then astrocytes. 
This apparent conversion likely reflects, independent 
roles for OLIG1/2 in specifying motoneuron and oligo- 
dendrocyte fates. Olig genes therefore couple neu- 
ronal and glial subtype specification, unlike proneural 
bHLH factors that control the neuron versus glia deci- 
sion. Our results suggest that in the spinal cord, Olig 
and proneural genes comprise a combinatorial code 
for the specification of neurons, astrocytes, and oligo- 
dendrocytes, the three fundamental cell types of the 
central nervous system. 

Introduction 

The three fundamental cell types of the vertebrate cen- 
tral nervous system (CNS) are neurons, astrocytes, and 
oligodendrocytes. This basic triad comprises many hun- 
dreds or even thousands of distinct neuronal subtypes, 
in addition to subtypes of astroglia and perhaps of oligo- 
dendroglia as well (Raff, 1989; Woodruff et al., 2001). 
The molecular mechanisms by which these diverse neu- 
ral cell types are properly generated in space and time 
are incompletely understood. In recent years, a great 
deal has been learned about the transcriptional control 
of the neuron -gliaJ fate decision (T omita et al., 2000; 
Nieto et al., 2001; reviewed in Vetter, 2001) and about 
the control of neuron subtype specification (Briscoe et 
al., 2000; Jessell, 2000). Rather less is known, however, 
about the transcriptional control of glial subtype deter- 
mination. 

Two major classes of transcription factors have 
emerged as determinants of neuron versus glial fate 
determination and of neuron subtype specification: the 
basic-helix-loop-helix (bHLH) factors (Vetter, 2001) and 
homeodomain (HD) factors (Jessell, 2000), respectively. 
In vertebrates, bHLH factors homologous to the Dro- 
sophila proneural genes, such as the Neurogenins 
(Ngns) (Gradwohl et al., 1996; Ma et al., 1996; McCor- 
mick et al., 1996) and Mashl (Johnson et al., 1990), 
promote neuronal differentiation at the expense of the 
glial fate (Tomita et al., 2000; Nieto et al., 2001 ; Sun et 
al., 2001 b). In the spinal cord, a combinatorial code of 
HD transcription factors specifies the regional identity 
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of progenitor domains along the dorso-ventral axis 
(Briscoe et al., 2000; Jessell, 2000). Motoneurons are 
generated from the pMN domain, while V0, V1 , V2, and 
V3 intemeurons are generated from the pO, pi , p2, and 
p3 domains, respectively (Briscoe et al., 2000; Jessell, 
2000). This discontinuous patterning arises from mutu- 
ally repressive interactions between the HDfactors that 
specify adjacent progenitor domains (Briscoe et al., 
2000; Muhr et al., 2001). 

Recently, we and others identified a subclass of neural 
bHLH factors, called Olig genes (Lu et al., 2000; Take- 
bayashi et al., 2000; Zhou et al., 2000). In the mouse, 
there are two Olig genes that are specifically expressed 
in oligodendrocyte precursors, called Oligl and 2 (Lu et 
al., 2000; Zhou et al., 2000), while in the chick a single 
gene orthologous to Olig2 has been identified (Mizu- 
guchi et al., 2001; Zhou et al., 2001). In the spinal cord, 
oligodendrocyte precursors emerge from a highly re- 
stricted domain of the ventral ventricular zone (Miller, 
1996; Richardson et aL, 2000). This region is precisely 
demarcated by expression of Oligl and Olig2 (Lu et al., 
2000; Zhou et al., 2000). Olig2 is sufficient to cause 
ectopic differentiation of oligodendrocytes in the chick 
spinal cord when misexpressed together with the HD 
factor Nkx2.2 (Sun et al., 2001 a; Zhou et al., 2001 ), while 
Oligl promotes oligodendrocyte differentiation in rodent 
cortex (Lu et al., 2001). 

Prior to oligodendrogliogenesis, the domain of Olig2 
expression corresponds to the pMN domain, from which 
motoneurons are generated fTakebayashi et al., 2000; 
Mizuguchi et al., 2001; Novitch et al., 2001). Gain-of- 
function experiments suggest that OLIG2 plays a deter- 
minative role in patterning the pMN domain and also 
initiates motoneuron differentiation and cell cycle arrest, 
in part by promoting expression of Ngn2 (Mizuguchi et 
al., 2001 ; Novitch et al., 2001). These data suggest that 
OLIG2 sequentially controls both motoneuron and oligo- 
dendrocyte fate determination. Interestingly, the bHLH 
factor appears to function in both cases as a transcrip- 
tional repressor (Novitch et aL, 2001 ; Zhou et al., 2001). 

To rigorously assess the requirement for Olig genes 
in motoneuron and oligodendrocyte differentiation, we 
have generated double-homozygous mice lacking both 
Oligl and Olig2. In Oligl /2 double mutants, presumptive 
motoneuron precursors are transformed into V2 in- 
terneuron precursors, and oligodendrocytes are lost 
throughout the brain and spinal cord. Surprisingly, many 
0//g2-expressing oligodendrocyte precursors are trans- 
formed into astrocytes. Thus, in the absence of Oligl /2 
function, the sequential production of motoneurons and 
oligodendrocytes is converted into the sequential pro- 
duction of intemeurons and astrocytes. These data sug- 
gest that Olig genes couple neuronal and glial subtype 
specification. 

Results 

Generation of Oligl and Olig2 Double-Mutant Mice 
The coexpression of Oligl and Olig2 in vivo (Zhou et al., 
2000) raised the possibility that deletion of either of 
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these genes alone might be compensated by the func- 
tion of the other. In order to circumvent this problem, 
we decided to generate an Oligl and Olig2 double mu- 
tant. The mouse Olig 1 and Otig2 genes are tightly linked 
on chromosome 16, about 36 kb from each other (data 
not shown). In order to preserve the Oligl -Olig2 in- 
tergenic region, double- mutant mice were generated 
through two rounds of homologous recombination in 
ES cells. The Olig2 coding region was replaced by a 
targeting cassette composed of a histone-GFP (hGFP) 
fusion (Kanda et al., 1998) and PGK-neomycin (Figures 
1 A and 1 B), while the Oligl coding region was replaced 
by a tau-LacZ and PGK-hygromycin cassette (Figures 
1 D and 1 E). 

Using a Cre/lox- mediated analytic strategy (see Ex- 
perimental Procedures), two ES clones were identified 
in which the Oligl and Olig2 targeted loci lay in cis 
(Figure 1 H). Sister cells from these clones, unmodified 
by Cre recombinase, were injected into blastocysts, and 
the targeted alleles were transmitted through the germ 
line (Figures 1C and 1F)- Double-heterozygous mice 
were born at the expected Mendelian frequency and 
were viable and fertile. However, no live births of homo- 
zygous mice were observed, and starting from E18.5, 
the homozygous embryos appeared smaller than their 
littermates. 

We initially examined the pattern of GFP and LacZ 
expression in heterozygous Oligl +l ~Olig2 +t ~ embryos 
between E9.5 and E16.5. At E9.5, GFP was strongly 
expressed in a ventral domain of the spinal cord that 
corresponds to pMN (Figure 11), similar to the pattern 
of endogenous Olig2 expression (Figure 1J; also see 
Take bay as hi et al., 2000). In contrast, only a few cells 
were observed to be weakly lacZ positive at this stage 
(Figure IN), in agreement with the relatively weak ex- 
pression of endogenous Oligl during the period of neu- 
rogenesis (Figure 1 0). At E1 6.0, when Olig2 expression 
is restricted to oligodendrocyte precursors (Lu et al., 
2000; Zhou et al., 2000), nearly all OLIG2-positive cells 
were also GFP-positive (Figures 1 K-1 M, arrows). In ad- 
dition, GFP colocalized extensively with the Oligl 
knockin marker tau-lacZ (Figures 1 P-1 R, arrows), con- 
sistent with the coexpression of endogenous Oligl and 
2 in oligodendrocyte precursors (Zhouet al., 2000). Thus, 
in heterozygous OUg1 +, ~Olig2+ , ~ mice, the expression 
of GFP and tau-lacZ faithfully recapitulates the pattern 
of endogenous OIig2 and Oligl expression in cells of 
both the motoneuron and oligodendrocyte lineages. 



Deletion of Olig2 and Oligl Results in Loss 
of Motoneurons and a Concomitant Ventral 
Expansion of V2 Intemeurons 

We first focused our analysis of Olig1/2 double-mutant 
embryos on the generation of several neuronal subtypes 
derived from the four ventral-most progenitor domains 
of the spinal cord: En1 + V1 intemeurons, Chx1 0 + V2 
intemeurons, lsl1/2 + and Hb9 + motoneurons, and Ngn3 + 
V3 intemeurons (Figures 2A-2E). Most lsl1/2 + , Hb9 + mo- 
toneurons were lost at all axial levels of the homozygous 
mutant spinal cord at E10.5 (Figures 2H, 21, and 2K, 
white bars), while the number of such motoneurons was 
the same in heterozygote and wild -type (Figures 2C, 2D, 



and 2K, dark and light gray bars). The loss of motoneu- 
rons in the Olig1~'~Olig2~'- spinal cord was not due to 
cell death, as no increased apo ptosis was detected by 
the TUN EL assay at this stage (Figures 30 and 3T). 
Although very few presumptive motoneurons (lsl1/2 + , 
Hb9 + cells) were detectable at E10.5 in Oligl - / -Ofig2~ / ~ 
embryos (Figures 2H and 21, arrowheads), it was possible 
that a normal number of these neurons might be recovered 
at later stages through compensatory mechanisms. How- 
ever, at E1 3.5, neither somatic (Figures 2L and 2M, arrows) 
nor visceral (Figures 2L and 2M, arrowheads) motoneu- 
rons were detected in the Olig1~'~Otig2~'~ spinal cord 
(Figures 2P and 2Q, arrows and arrowheads, and 2T, 
white bars). Moreover, no projecting axons were ob- 
served in the ventral root (Figures 20 and 2S, arrows), 
consistent with a lack of both classes of spinal moto- 
neurons. 

In contrast to the dramatic loss of motoneurons, the 
number of Chx1 0 + cells, which derive from the p2 do- 
main just dorsal to the pMN domain, was increased by 
about 80% in the double-null mutant spinal cord at E1 0.5 
(Figures 2B versus 2G; 2K, ChxlO, white bar). Further- 
more, many Chx1 0 + cells occupied a more ventral posi- 
tion, in territory normally occupied by motoneurons (Fig- 
ure 2G, yellow arrowhead). The increased number and 
ventral expansion of Chx1 0 + V2 intemeurons were also 
apparent at E13.5 (Figures 2N, 2R, and 2T). The number 
and distribution of En1 + V1 intemeurons and Ngn3 + V3 
intemeurons, by contrast, were largely unaltered in the 
mutant (Figures 2A, 2E, 2F, 2J, and 2K). 

The preceding data suggested that in the absence of 
Olig 1/2 function, pMN progenitors might give rise to V2 
intemeurons instead of motoneurons. To confirm this, 
we used the Otig2 knockin marker hGFP as a short-term 
lineage tracer to compare the identities of the neuronal 
progeny derived from the pMN domain of heterozygous 
versus homozygous OHg1/2 double-mutant embryos. In 
heterozygotes, 0/i£r2-hGFP-derived precursors gave 
rise to lslet1/2 + motoneurons (Figure 3A, yellow cells) 
but not Chx1 0 + V2 intemeurons (Figure 3B). By contrast, 
in the homozygotes there were many GFP + , Chx10 + 
cells present in the marginal zone lateral to the pMN 
domain of the ventricular zone (Figure 3G, yellow cells). 
At no time did we detect any lslet1/2 + Chx10 + pheno typi- 
cally hybrid cells (data not shown). In the immediately 
overlying p2 domain, Chx1 0 + GFP ~ V2 intemeurons were 
produced in both heterozygotes and homozygotes (Fig- 
ures 3B and 3G, white arrowheads). These data strongly 
suggest that precursor cells from the pMN domain of 
Oligl /2 homozygous animals generate V2 intemeurons 
instead of motoneurons. 

Irx3 Is Derepressed in pMN in the Absence of Olig2 
and Oligl and Respecifies pMN to p2 
The loss of motoneurons and concomitant ventral 
expansion of V2 intemeurons in the double-null mutant 
could reflect a conversion of the pMN domain to a p2 
identity. Consistent with this idea, the expression of Irx3, 
a p2 domain patterning molecule (Briscoe et al., 2000), 
expanded into the pMN domain in Olig 1 ~ / ~Olig2~ / ~ dou- 
ble mutants at E10.5 (Figures 3C and 3H, arrows). Pax6 
expression, which is high in the p2 domain but lower 
in the pMN domain (Figures 3D, arrow, and 3E), also 
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Figure 1 . Inactivation of Oiigl and Otig2 by Homologous Recombination 
(A-C) First round of homologous recombination at the Olig2 locus. 

(A) A Histone-EGFP/loxp/PGK neomycin cassette replaced the Olig2 coding region. 

(B) Correct recombination at Olig2 locus verified by Southern blot analysis of ES clones. 
(D-F) Second round of homologous recombination at the Oligl locus. 

P) A tau-LacZ/loxp/PGK hygromycin cassette replaced the Oligl coding region in ES cells in which one Olig2 locus had been successfully 

targeted. Abbreviation: DTA, diphtheria toxin A chain. 

(E) Correct recombination at the Oligl locus verified by Southern blot. 

(C and F) Successful germline transmission of the targeted Olig2 and Oligl alleles in Olig1.2 double-mutant embryos confirmed by genotyping 
with specific PCR primers. 

(G and H) Schematic diagram showing that the two targeting cassettes could lie either in trans (G) or in cis (H) to each other. A Cre/Loxp 
analysis was used to identify ES cells in which the two cassettes lie in cis (see Experimental Procedures). 

(I, J, N, and O) Expression of histone-EGFP and tau -LacZ in the heterozygotes. Thoracic spinal cord sections of E9.5 Oligl *'~Olig2^'~ 
heterozygous embryos were either labeled with anti-GFP antibody (I) or anti-LacZ antibody (N) or were probed by in situ hybridization with 
cRNAs against Olig2 (J) and Oligl (O). 

(K-M and P-R) Thoracic spinal cord sections from E16.0 Otfgf + '~0//g2 + '~ heterozygous embryos were double labeled with antibodies to GFP 
and Olig2 (K-M) or to GFP and lacZ (P-R). Extensive colocalization of GFP and Olig2 (K-M) as well as GFP and tau LacZ (P-R) were observed. 
Arrows indicate double-positive cells. A small number of GFP* cells was found to be Qlig2" at this stage (K-M, arrowheads). 
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Figure 2. Loss of lsl1/2^Hb9 + Motoneurons and Concomitant Ventral Expansion of Chx10 + V2 Interneurons in the Absence of Oligl and OHg2 
(A-K) Crosssections of E10.5 thoracic spinal cord were stained with antibodies to detect four types of ventral neurons: En1 + V1 interneurons 
(A and f), Chx10 + V2 interneurons (B and G, arrowheads), ls!1/2 + and Hb9 + motoneurons (C, D, H, and I), and Ngn3 + V3 interneurons (E and 
J). Note the dramatic reduction of lsl1/2 + and Hb9 + motoneurons in the homozygous spinal cord (C, D, H, and I), white the Chx10 + V2 neurons 
increased in number and expanded ventrally (B and G, arrowheads). Arrowheads in (H) and (I) indicate the few residual motoneurons formed 
in the homozygote. White and yellow arrowheads in (B) and (G) indicate Chx10 + V2 interneurons in the p2 and pMN domains, respectively. 
Quantitative analysis is shown in (K). The number of marker positive cells is presented as mean ± S.D. from nine sections of three embryos. 
lsl1/2 + Hb9 + motoneurons decreased to <5% t and Chx10 + V2 neurons increased ~80% in the double-null mutant compared to heterozygote 
or wild-type. 

(L-T) Motoneuron phenotype at E13.5. Both visceral (L and M, arrowheads) and somatic (L and M, arrows) motoneurons were lost in the 
homozygotes (P and Q, arrowheads and arrows). In addition, projecting axons were selectively lost in the ventral root of the null mutant (O 
and S, arrows). Quantitative analysis revealed a 60% increase in the number of Chx10 + cells in the double-null mutant (T; mean ± S.D., six 
sections from 2-3 animals). 



increased in the pMN domain of the null mutant, so that 
cells in both pMN and p2 were now expressing equally 
high levels of Pax6 (Figure 31, arrow). The observed 
ventral expansion of Irx3 is predicted by the observation 
that Irx3 and OLIG2 exert crossrepressive activities in 
gain-of-function assays (Novitch et al., 2001). Surpris- 
ingly, however, it did not cause a complete loss of GFP 
expression from the Oiig2 locus (Figures 3P and 3R), 
perhaps because the repressive effect of Irx3 is overrid- 
den by the higher levels of Shh signaling more ventrally. 
The expression of several other ventral spinal cord pat- 
terning molecules, including Dbx2, Nkx6.1, Nkx6.2, and 
Nkx2.2 (Briscoe et al., 2000), was unchanged in O/igl/2 
double mutants (data not shown). Taken together, these 
data suggest that in the absence of Oligl 72, pMN cells 
are converted to a p2 identity (Figures 3E and 3J). 



Olig2 and Oligl Regulate Neurogenin 2 
Expression in pMN 

Ectopic expression studies in chick suggested that dele- 
tion of Olig2 and OUg1 should cause a loss of Ngn2 
expression in the pMN domain (Novitch et al., 2001). 
Consistent with this prediction, no NGN2-positive cells 
were detected in the presumptive pMN domain of the 
Oligl ~ / -Olig2~ / ~ mutant at E10.0 (Figure 3P), while 
prominent NGN2 expression was evident in the GFP + 
pMN domain of the heterozygous spinal cord (Figure 
3K, yellow cells). The lack of apoptotic cells detected 
by TUN EL labeling in the mutant spinal cord (Figures 
30 and 3T) suggests that the loss of NGN2 + cells in 
the pMN domain does not reflect cell death. We also 
observed a slight ventral expansion of MASH1 into pMN 
in Oligl 12 double mutants (Figures 3L versus 3Q, arrow). 
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Figure 3. Derepression of trx3 and Repression of Neurogenin2 in the pMN Domain of Olig1' / ~Olig2 ^ Embryos 

(A, B, F, and G) OLIG2-hGFP + precursors in pMN generate lslet1/2 + motoneurons in heterozygotes (A, yellow cells) but instead produce 
Chx1 0 + V2 interneurons in homozygotes (G, yellow arrowhead). White arrowheads in (B) and <G) indicate Chx1 0 + , OLIG2-hGFP" V2 interneurons 
generated from the p2 domain. 

(C and H) Irx3 is derepressed in the pMN of the mutant spinal cord (H, arrow), as is Pax6 (D and I; arrows indicate pMN domain). 
(E and J) Summary of the ventral spinal cord patterning defects in Olig1/2 mutants. 

(K, P) Neurogenin 2 (Ngn2) expression is selectively lost in pMN of the mutant at E10.0, while a delayed expansion of MASH1 into this domain 
is detected at E10.5 (L and Q, arrowhead). 

(M, N, R, and S) Many BrdlT cells persist outside the ventricular zone of the pMN in the null mutant (S, arrowheads) compared to heterozygotes 
(N); the same fields with GFP expression superimposed are shown in (R) and (M), respectively. 

(O and T) No significant cell death was observed in the spinal cord at this stage (E10.5). Arrows indicate apoptotic cells outside the spinal cord. 



As Mashl has recently been shown to be necessary 
and sufficient for Chx10 expression (Parras et al., 2002), 
these results may explain how V2 interneurons can dif- 
ferentiate from the mutant pMN despite the absence of 
NGN2 (Scardigli et al., 2001). 

Since NGN2 has been shown to promote cell cycle exit 
and terminal differentiation (Farah et al., 2000; Novitch et 
al. p 2001), we reasoned that the loss of Ngn2 expression 
in pMN might cause delayed cell cycle exit by 
pMN -derived precursors as they migrated from the ven- 
tricular zone. To assess this, we measured BrdU incor- 
poration after a 2 hr pulse in vivo at E1 0.5. An increased 
number of BrdU + cells was detected outside the ventric- 
ular zone in the GFP + region of the double-null mutant 
(Figures 3M, 3N, 3R t and 3S, arrowheads). These data 
suggest that pMN cells lacking OLIG2 fail to exit the 
cell cycle before migrating into the marginal zone. The 



presence of ectopic MASH1 + cells in pMN is not incon- 
sistent with this observation, as we have recently found 
that MASH1 promotes cell cycle arrest less efficiently 
than does NGN2 (Lo et al., 2002). 

Failure of Oligodendrocyte Development 
in Olig1/2 Double Mutants 

We next examined the phenotypic consequences of 
Olig2 and Oiigl deletion on the development of oligo- 
dendrocytes. To detect oligodendrocyte precursors, 
PDGFRct and Sox10 were used as markers (Hall et al., 
1 996; Zhou et al. f 2000), while MBP and PLP/DM20 were 
used to detect mature oligodendrocytes (Zhou et al., 
2001). At no time did we detect expression of any of 
these markers in the Otig1/2 double -homozygous mu- 
tant at all axial levels of spinal cord examined (Figure 
4, — /— , and data not shown) as well as in all brain 
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Figure 4. Spinal Cord Oligodendrocytes Fail to Develop in the Absence of OUg1 and Olig2 

(A-R) In situ hybridization with the oligodendrocyte precursor markers PDGFRa and Sox1 0 on crosssections of thoracic spina! cord at indicated 
stages. Note the total absence of PDGFRa and SoxlO expression in the null mutant spina) cord (C, F, I. L, O, and R). 

(S-DD) No MBP* or PLP/DM20* mature oligodendrocytes were detected in null mutant spinal cord (U t X. AA, and DD). In addition, the number 
of MBP+ and PLP/DM20* oligodendrocytes was smaller in the heterozygotes (Z and CC) than in wild-type (Y and BB) at E18.5. 



areas examined (Figures 5D-5F and data not shown). 
In contrast, numerous cells expressing these oligoden- 
drocyte precursor and differentiation markers were 
present in the wild-type (Figure 4, +/+) and heterozy- 
gous (Figure 4, +/— ) spinal cord and brain (Figures 
5A-5C and data not shown). Thus, there is a total failure 
of oligodendrocyte formation in the Olig1~ , ~Otig2~ f ~ 
double mutant. 

Cell counts at E1 6.5 revealed no decrease in the num- 
ber of PDGFRa + precursors at thoracic levels of the 
spinal cord in heterozygotes compared to wild-type 
(297 ±17 versus 290 ± 19 cells per 18 section, 
respectively; mean ± S.D., n = 6 sections from three 
embryos). Consistent with these data, in heterozygotes 
at E1 6.5 and P8, MBP and PLP/DM20 expression was 
normal (Figures 4S, 4T, 4V, and 4W and data not shown). 
Surprisingly, however, between E18.5 and PO, there was 
significantly less expression of these mature oligoden- 
drocyte markers in the heterozygotes compared to wild- 
type (Figures 4Y, 4Z, 4BB, and 4CC and data not shown). 
These data suggest that a full dosage of Olig genes is 
required for the progression of oligodendrocyte differen- 
tiation but not for the initiation of this process. 



Oligt Is Functionally Redundant with Olig2 
in Hindbrain Oligodendrocyte Development 
We next examined the phenotype of Otig1/2 double- 
knockout embryos in the hindbrain. As in the spinal cord, 
hindbrain somatic motoneuron differentiation did not 
occur in Oligt /2 double mutants, as evidenced by the 
loss of lsi1/2 + , Hb9 + cells and of the XII th cranial somatic 
motor nerve (Figures 5G-5I versus 5J-5L, arrows). In 
contrast, visceral motoneurons, identified bycoexpres- 
sion of lsl1/2 and Phox2b (Dubreuil et al., 2000), were 
generated (Figures 5J-5L, arrowheads). These results 
are consistent with the fact that visceral motoneurons 
in the hindbrain derive from the p3 domain (Briscoe et 
al., 1999), which does not express either Otigl or Otig2 
(data not shown). 

In Oiig2~ l ~ single mutants, oligodendrocytes are 
spared in the hindbrain while they are lost throughout 
the spinal cord <Lu et al., 2002 [this issue of Cell]). In 
contrast, we found that neither oligodendrocyte precur- 
sors nor mature oligodendrocytes were generated in the 
hindbrain of OI/gl/2 double mutants (Figures 5D-5F), as 
was the case in all other brain areas examined (not 
shown). Taken together, these data suggest that Oligl 
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Figures. Loss of Hind brain Oligodendro- 
cytes in the Null Mutant Is Preceded by the 
Loss of Hind brain Somatic But Not Visceral 
Motoneurons 

(A-F) In situ hybridization was performed on 
head saggitaJ sections of E16.5 wild-type or 
double-null mutant embryos. The pictures 
were taken from the midbrain-htndbrain re- 
gion encompassing pons (p.) and medulla 
(m.)- No oligodendrocytes were present in the 
hind brain (D-F) as well as other brain areas 
of the double mutants (data not shown). 
(G and J) Whole-mount Tuj1 antibody label- 
ing of E10.5 embryos. The XII* cranial motor 
nerve (hypoglossal, arrowhead) was missing 
from the homozygote. 

(H-L) In the caudal hindbrain of the null mu- 
tant, isl1/2 + and Hb9 + somatic motoneurons 
were lost (K and L, arrows), while ls!1/2 + and 
Hb9" visceral motoneurons were still present 
(K and L, arrowheads). 



can compensate for the lack of OWg2 in oligodendrocyte 
(but not somatic motoneuron) generation in the hind- 
brain but not in other regions of the CNS. 

Oligodendrocyte Precursors Are Transformed 
into Astrocytes in the Absence of OUg2 and Otigl 
The absence of oligodendrocyte precursors in O/igl/2 
double-mutant embryos could reflect a failure of specifi- 
cation, their death, or their respecification into other cell 
types. To distinguish between these possibilities, we 
first tested whether there was increased cell death in 
the Olig1~ / ~0/ig2' / - spinal cord from E12 to El 4, a pe- 
riod when oligodendrocyte precursors are specified in 
the ventricular zone. TUN EL labeling detected no in- 
crease in apoptotic cells in either the ventricular zone 
or elsewhere in the spinal cord during this interval (data 
not shown). Next, we used the knoc kin marker hGFP as 
a short-term lineage tracer to compare the fate o10Iig2- 
expressing progenitors in the presence or absence of 
Olig 1/2 function. 

In heterozygous embryos at E13.5, individual GFP + 
precursors could be seen migrating away from the focus 
of Otig2 expression in the ventricular zone (Figure 6A, 
arrow and white arrowheads). By E1 6.5, only a few GFP + 
cells remained at this focus (Figure 6B, arrow), and most 
had migrated into the gray matter. By E18.5, GFP + oligo- 
dendrocyte precursors were evenly distributed through- 
out the spinal cord, and ventricular expression was no 
longer detected (Figure 6C). The pattern of migration 
of GFP + cells in the heterozygous spinal cord closely 



resembles that revealed by antibody staining for endog- 
enous OLIG2 protein (Figures 1 1-1 K, arrows and data 
not shown). 

In homozygous mutant embryos, the distribution of 
GFP + cells was different in several respects. First, al- 
though many GFP + cells were present in the ventricular 
zone at E13.5 (Figure 6D, arrow), there was little migra- 
tion into the gray matter. Second, the ventricular focus 
of GFP expression appeared larger in homozygous than 
in heterozygous embryos (Figures 6A versus 6D, arrows). 
Cell counts indicated a similar number of GFP-express- 
ing cells in the null mutant versus heterozygous spinal 
cord at this stage (Figure 6G f E13.5), suggesting that 
0//o2-expressing cells may have been generated in cor- 
rect numbers in the homozygote but somehow failed to 
migrate on schedule. At El 6.5 and E1 8.5, however, there 
was a reduction in the number of GFP + cells in the 
double mutant (Figure 6G, white bars). This difference 
likely reflects reduced proliferation rather than death, 
as TUN EL labeling revealed no differences between the 
double mutant and heterozygote at these stages (data 
not shown). 

By E16.5, although ventricular expression of GFP in 
homozygotes persisted (Figure 6E, arrow), GFP + cells 
could be seen migrating into the gray matter (Figure 6E, 
arrowheads). However, these cells took a more ventral 
trajectory than in heterozygotes. At E18.5, many GFP + 
cells could be detected at the pial surface of the ventral 
white matter in homozygotes (Figure 6F t open arrow- 
heads), a location not occupied by GFP + cells in hetero- 
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Figure 6. Oligodendrocytes Are Transformed into Astrocytes in the Absence of Oligl and Olig2 

(A-G) Crosssections of heterozygous and homozygous thoracic spinal cord at indicated stages were labeled with an anti-GFP antibody. 
Arrows indicate ventricular expression of GFP. Persistence of GFP was apparent in both somatic (A, red arrowheads) and visceral (A, yellow 
arrowheads) motoneurons in the heterozygoses at E1 3.5, a time when the migration of GFP + oligodendrocyte precursors just started (A, white 
arrowheads). Open arrows in (F) indicate GFP + cells located within piat surface. Quantitative analysis (G; mean + S.D., eight sections from 
two embryos) revealed a difference in the number of GFP + cells in the null mutants versus heterozygotes at E16.5 and E18.5, but not E13.5. 
(H-K) Many GFP + nuclei are associated closely with S100(S + or GFAP + fibers in the ventral spinal cord of homozygotes (I and K) but not of 
heterozygotes (H and J) at E18.5. Arrows point to GFP + cells in the pial surface of the null mutant 3pinal cord. Inserts in (I) and (K) show 
double-labeled cells at higher magnification. 

(L-R) Staining of acutely dissociated spinal cord cells at E18.5 from either heterozygotes (L-N) or homozygotes (O-Q). Arrows point to GFP + 
cells. Arrowheads in (M) and (P) mark GFP"GFAP + cells. Quantitative analysis (R) was performed by counting all GFP + cells from six different 
preps derived from different animals. Each prep contained ~5000 cells. 



zygotes (Figure 6C). This observation suggested that 
the GFP + cells might have been transformed into 
astrocytes. To address this possibility, crosssections of 
E18.5 heterozygous or homozygous spinal cord were 
double labeled with antibodies to GFP and the astroglial 
markers GFAP or S"IOOp\ This analysis revealed that 
many GFP + cells in the null mutant spinal cord coex- 



pressed GFAP or S1 00 £ (Figures 61 and 6K, arrowheads 
and insets). In contrast, no co localization of GFP with 
either of these markers was observed in the heterozy- 
gous spinal cord (Figures 6H and 6J), consistent with 
previous reports that Olig2 is not expressed in cells of 
the astroglial lineage in wild-type embryos (Lu et al., 
2000; Zhou et al., 2000). 



Cell Fate Transformations in Olig1/2 Mutant Mice 
69 



The filamentous staining pattern of GFAP and S1OO0 
precluded an accurate quantification of the percentage 
of GFP + cells that were GFAP + or S100|3 + in vivo. To cir- 
cumvent this problem, we performed double-labeling 
on acutely dissociated spinal cord cells from E18.5 het- 
erozygous and homozygous embryos. Over 50% of GFP + 
cells in homozygous spinal cord coexpressed GFAP 
(Figures 6P t arrow, and 6R, GFAP, white bar). In sharp 
contrast, none of the GFP + cells in the heterozygous 
spinal cord was found to be GFAP + (Figures 6M, arrow 
versus arrowhead, and 6R, gray bars). Similarly, 44% to 
66% of GFP + cells were S100£ + in the homozygote 
(Figures 60, arrow, and 6R, white bar), whereas less 
than 1 0% of GFP + cells in the heterozygote were S1 000 + 
(Figures 6L, arrow, and 6R, gray bar). Conversely, the 
oligodendrocyte cell-surface marker 04 decorated over 
55% of GFP + cells in the heterozygous spinal cord (Fig- 
ures 6N, arrow, and 6R, gray bar) but none in the homo- 
zygote (Figures 6Q, arrow, and 6R, white bar). The recip- 
rocal change in the percentage of GFP + cells expressing 
04 versus GFAP or S1OO0 in heterozygous versus dou- 
ble homozygous embryos (Figure 6R) strongly suggests 
that in the absence of OJig1/2 function, the Olig2- 
expressing cell population produces astrocytes rather 
than oligodendrocytes. Consistent with this conclusion, in 
cultures of neural progenitors from Oiig1/2 homozygous 
embryonic spinal cord, manyOlig2-hGFP-expressing cells 
differentiated to astrocytes but none differentiated to 
oligodendrocytes, whereas in cultures from heterozy- 
gotes, many GFP + oligodendrocytes developed (see 
Supplemental Figure S1 at http://www.cell.com/cgi/ 
content/f ull/1 09/1 /61 /DC1 ). 

Discussion 

The bHLH transcription factors OLIG1 and OLIG2 are 
sequentially expressed in motoneuron progenitors (Ta- 
kebayashi et al., 2000; Mizuguchi et al., 2001 ; Novitch 
et al., 2001) and oligodendrocyte precursors (Lu et al., 
2000; Zhou et al., 2000). Here we show that in the ab- 
sence of Oligl and 2 function, motoneurons are con- 
verted to V2 interneurons in the spinal cord, while oligo- 
dendrocytes fail to differentiate throughout the nervous 
system. Our results suggest that oligodendrocyte pre- 
cursors are not simply eliminated, but instead differenti- 
ate to astrocytes. These observations are consistent 
with the idea that in Oligl /2 double mutants, Olig2- 
expressing progenitors sequentially generate inter- 
neurons and astrocytes rather than motoneurons and 
oligodendrocytes. In this way, Olig genes link the specifi- 
cation of a particular neuronal subtype to that of a spe- 
cific glial subtype, independent of the decision between 
neuronal versus glial fates. 

Olig2 Is Required for Both the Regional Identity 
and Differentiation of Motoneuron Precursors 
Misexpression studies in the chick have suggested that 
OLIG2 plays two roles in motoneuron fate determination: 
it specifies the regional identity of the pMN domain via 
repression of Irx3, and it promotes motoneuron progeni- 
tor cell cycle exit and differentiation, in part via local 
derepression of Ngn2 (Mizuguchi et al., 2001 ; Novitch 
et al., 2001). The loss-of-function data presented in this 



and the companion paper (Lu et al., 2002 [this issue of 
Ce//]) strengthen this view. Combined deletion of Olig2 
and Oligl causes a derepression of Irx3 in pMN and a 
loss of Ngn2 expression in this domain. The selective 
loss of Ngn2 expression in pMN is consistent with the 
idea that this bHLH factor is controlled by distinct trans- 
acting factors in different progenitor domains (Scardigli 
et al., 2001). The motoneuron deficit in the Oligl 72 dou- 
ble knockout is similar to that seen in embryos lacking 
Nkx6. 1/6.2 (Vallstedt et al., 2001 ), a homeodomain pat- 
terning molecule (Briscoe et al., 2000) that is required 
for Olig2 expression (Novitch et al., 2001). The fact that 
expression of Nkx6. 1 and 6.2 is unperturbed in OHg1/2 
knockouts is consistent with the idea that Olig genes 
function downstream of Nkx6. 1/6.2 in motoneuron gen- 
eration (Novitch et al., 2001 ). 

Olig Genes Function Cell Autonomously 
in Oligodendrocyte Fate Specification 
The complete failure of oligodendrocyte formation in 
Oligl /2 double mutants suggests that all oligodendro- 
cytes require Olig genes. Consistent with this, oligoden- 
i drocytes are not generated in neurosphere cultures de- 
rived from Oligl - , ~2~ l ~ spinal cord (see Supplemental 
Figure S1 at http://www.cell.com/cgi/content/full/l09/ 
1/61/DC1). The fact that Oligl /2 are coexpressed in oli- 
godendrocyte precursors (this study; Lu et al., 2000; 
Zhou et al., 2000) suggests that this defect likely reflects 
a cell-autonomous requirement for these genes. An al- 
ternative explanation, however, is that this phenotype 
is a non-cell -autonomous consequence of the earlier 
loss of motoneurons, which have been hypothesized to 
send a feedback signal to the ventricular zone to regu- 
late the subsequent production of oligodendrocytes 
(Hardy, 1 997; discussed in Richardson et al., 2000). 

We think this hypothesis is unlikely, however, because 
in Ngn1~ f '; Ngn2 '- double mutants, neuronal differenti- 
ation in the ventral spinal cord is largely eliminated (Scar- 
digli et al., 2001), but oligodendrocyte precursor forma- 
tion is unaffected (our unpublished observations). 
Similarly, in /s/t~'~ mice which lack motoneurons (Pfaff 
et al., 1 996), oligodendrocyte differentiation is also unaf- 
fected (Sun et al., 1998). Finally, oligodendrocytes de- 
velop normally in the hindbrain of OHg2 single mutants 
(Lu et al., 2002 [this issue of Ce//J), which lack somatic 
motoneurons. Our observation that in Oligl /2 double 
mutants, hindbrain oligodendrocytes are completely 
lost further indicates that the sparing of hindbrain oligo- 
dendrocytes in Olig2~ / ~ embryos is not due to compen- 
sation of a somatic motoneuron-derived signal by vis- 
ceral motoneurons, which are spared in both Olig2~'~ 
and Oligl - / ~2 / ~ mutants. 

Role of Olig Genes in Motoneuron and 
Oligodendrocyte Fate Specification 
The inference that Olig genes function cell autono- 
mously in oligodendrocyte development leaves open 
the question of when that function is required. Our data 
indicate that both motoneurons and oligodendrocytes 
are normally generated from pMN (but not from p2) and 
support the idea (Richardson et al., 1997, 2000) that 
these neurons and glia share a common precursor. Con- 
sequently, the homeotic-like transformation of such pre- 
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Figure 7. 0//g Genes Control the Subtype Identities of Both Neurons 
and Glia Derived from a Common Progenitor Domain 

(A) Summary of neuronal and glial phenotypes in OUg1~'~OUg2~ , ~ 
mutants. 

(B) Olig genes may act sequentially in motoneuron (MN) and oligo- 
dendrocyte (0) development. Abbreviation: A, astrocyte. 

(C) Two putative types of spinal cord progenitor cells. O" progenitors 
do not express Olig genes and generate certain types of neurons (NJ 
and later astrocytes (A). Abbreviation: PN, proneural. 0 + progenitors 
first generate other types of neurons (NJ and then oligodendrocytes 
(O, blue cell). 

(D) A simple combinatorial code composed of proneural and Olig 
genes can determine whether CNS progenitors produce neurons, 
oligodendrocytes, or astrocytes. Neuron, and Neuron 2 denote two 
different neuronal subtypes. 



cursors from a pMN to a p2 identity in Olig 1/2 homozy- 
gous embryos could result in the elimination of both cell 
types (Figure 7A). In that -case, the wild-type function 
of Olig genes in specifying both the motoneuron and 
oligodendrocyte fates might simply be repression of Inc3 
in pMN. Alternatively, the mutant phenotype could re- 
flect an independent and sequential requirement for Olig 
genes in both early patterning of the pMN domain and 
in oligodendrocyte fate determination (Figure 7B). 

Consistent with the idea of independent functions, 
the hind brain phenotype of Olig2~ / ~ single mutants dem- 
onstrates that Olig gene mutations can cause deficien- 
cies in somatic motoneuron generation without neces- 



sarily affecting oligodendrocyte development (Lu et al., 
2002 [this issue of Ce//]). Furthermore, while misexpres- 
sion of Olig2 in chick is sufficient to cause ectopic re- 
pression of lrx3 and motoneuron induction in some re- 
gions of the spinal cord (Novitch et al., 2001), it does not 
induce ectopic oligodendrocyte differentiation (Zhou et 
al., 2001 ). Thus, while repression of Irx3 by Olig genes 
may be necessary for oligodendrocyte fate determina- 
tion, it may not be sufficient. Formal resolution of this 
issue will require selective rescue of the early pMN 
phase of Olig2 expression in Oligl/2 double knockouts 
. to determine whether both motoneurons and oligoden- 
drocytes are recovered. 

OLIG1 and 2 Control an Oligodendrocyte 
versus Astrocyte Fate Choice 

Our lineage-tracing data suggest that many Olig2-hGFP- 
expressing precursors generate astrocytes instead of 
oligodendrocytes upon deletion of Oligl and Olig2. If 
so, it would imply that spinal cord oligodendrocyte pre- 
cursors have the potential to generate astrocytes, but 
that this fate is normally repressed by Olig genes (Figure 
7B, right). Astrocytes are thought to arise from multiple 
levels along the dorso-ventral axis of the spinal cord 
(Pringle et al., 1998). Thus, it is a reasonable assumption 
that the p2 domain normally generates astrocytes after 
it generates V2 interneurons (Figure 7 A, left). If so, then 
the trans-fating of 0//£r2-expressing progenitors to 
astrocytes in Oligl /2 double mutants could reflect a 
conversion of progenitors that sequentially generate 
motoneurons and oligodendrocytes to ones that pro- 
duce first V2 interneurons and then astrocytes (Figure 
7A, right, p2'). 

If deletion of Olig genes causes oligodendrocyte pre- 
cursors to generate astrocytes, do such precursors nor- 
mally generate astrocytes following downregulation of 
Olig gene expression in the ventricular zone? We found 
no evidence for persistence of the OLIG2-hGFP lineage 
marker into astrocytes in Olig 1/2 heterozygotes. Simi- 
larly, using a permanent lineage tracer, Lu et al. (2002 
[this issue of Cell]) found no astrocytes among the prog- 
eny of Olig 1 -expressing cells. These data suggest that 
p//g-expressing progenitors normally produce moto- 
neurons arid oligodendrocytes but not astrocytes in vivo 
(Figure 7C, b + ). This idea may seem inconsistent with 
the demonstration that single CNS progenitors can gen- 
erate neurons, astrocytes, and oligodendrocytes in cul- 
ture (reviewed in Gage, 2000; Anderson, 2001 ). However, 
despite extensive retroviral lineage tracing studies, 
there is no clear evidence for tri potential neuron/ 
astrocyte/oligodendrocyte progenitors in vivo (Luskin et 
al., 1988; Leber et al., 1990). The tripotential CNS stem 
cells characterized in vitro may thus represent a more 
primitive progenitor than has been identified in vivo. 
Alternatively, the cell culture environment may reveal a 
combination of developmental potentials that are not 
actually used by any single progenitor in vivo. 

The Genetic Logic of Neural Cell 
Fate Determination 

bHLH proneural genes such as the Ngns control a neu- 
ron versus glial fate switch (Tomita et al., 2000; Nieto et 
al., 2001; Sun et al., 2001 b; reviewed in Vetter, 2001). In 
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the case of motoneurons and oligodendrocytes, Ngn1/2 
is likely to be the prone ural gene that controls this switch 
(this study; Mizuguchi et al., 2001; Novitch et al., 2001; 
Zhou et all, 2001). These data, taken together with our 
previous results (Zhou et al., 2001), suggest that once 
expression of Ngns has been extinguished in pMN, Ofig 
genes determine whether the remaining progenitors will 
produce oligodendrocytes or astrocytes (Figure 7B). 

These results suggest a simple combinatorial code 
whereby different combinations of the O/ig and pro- 
neural genes can specify either neuronal, oligodendrog- 
lial, or astroglial fates (Figure 7D). According to this 
genetic logic, the astroglial fate would represent a final 
"ground state," in which neither proneural nor Olig genes 
are expressed. This fate may, however, require active 
repression by Hes genes, which repress proneural gene 
expression (Ishibashi et al., 1995; Furukawa et al., 2000; 
Hojo et al., 2000; Satow et al., 2001 ; reviewed in Fisher 
and Caudy, 1998). 

Combinatorial codes of Lim HD and Ets domain tran- 
scription factors have been shown to control different 
aspects of motoneuron subtype identity (Tsuchida et 
al., 1994; Lin et al., 1998; Sharma et al., 1998; Kania et 
al., 2000). By contrast, bHLH factors have until now been 
viewed as primarily acting in linear cascades to produce 
a single cell type, such as muscle or neuron (Weintraub, 
1993; Lee, 1997). The results presented here suggest 
that in the nervous system, bHLH factors can also func- 
tion in a combinatorial code that determines the three 
fundamental cell types of the CNS. This code may pro- 
vide a foundation upon which higher-order aspects of 
neuronal and glial subtype identity can be built by super- 
imposing combinatorial codes composed of other fami- 
lies of transcription factors. The linking of these multiple 
coding systems may then be achieved by crossregula- 
tory, and perhaps physical, interactions between the 
molecules that comprise them. 

Experimental Procedures 

Generation of Oligl and Olig2 Double-Mutant Mice 
All mouse genomic clones were derived from a 129SVJ genomic 
library (Stratagene). Both the mouse Oligl and Olig2 sequences are 
encoded by a single exon. The OHg2 targeting vector was con- 
structed by inserting a Histone-GFP fusion/loxp/PGKneo cassette 
between a 2 kb 5' arm and a 3.8 kb 3' arm. For the Oligl targeting 
vector, a teu LacZ/loxp/PGKhyg cassette was cloned between the 
1 .9 kb 5' arm and the 3.2 kb 3' arm. 

, Two rounds of electroporation and selection were conducted, first 
with the 0lig2 targeting vector, and then with the Oligl targeting 
vector. Correctly recombined clones at both the Olig2 and Oligl 
loci were subjected to Cre/Loxp analysis to determine whether the 
two recombined alleles reside on the same chromosome (protocol 
available upon request). The frequency of recombination for both 
the Otig2 and Oligl loci was ~1 :300. Clones in which the two mutant 
alleles are located in cis were injected into C57BL/6J blastocysts to 
generate germ line chimeric founders. Mutant mice were genotyped 
with PCR primers specific to Oligl, Olig2, GFP, lacZ, Neomycin, and 
Hygromycin genes. No segregation of the two mutant alleles has 
been observed in all embryos genotyped so far. All embryos ana- 
lyzed in this study were derived from heterozygous 129sv x 
C57BL/6J intercrosses. 

In Situ Hybridization 

Nonradioactive in situ hybridization was performed as previously 
described (Zhou et al., 2000). The following mouse gene probes 
were used: Oligl, Olig2, Olig3, Sox10 (a gift of Dr. Kirs ten Kuhlbrodt), 



PDGFFt, MBP. PLP/DM20, Ngn1, and Ngn3. Probes for Nkx6.1, 
Nkx€.2 f and Dbx2 were the kind gift of Dr. Thomas J esse 1 1. 

Imm unohistochemtstry 

Mouse embryos were fixed by immersion in 4% paraformaldehyde 
from 1 hr to overnight at 4°C depending on the age. The following 
primary antibodies were used: rabbit an ti -Olig 2 (1:2000, gift of Dr. 
Takebayashi Hirohide), rabbit anti-Nkx2. 2 (1 :1 000, gift of Dr. Thomas 
Jessell), mAb anti-Neurogenin2 (1:100, Liching Lo), rabbit anti- 
Chx10 (1:4000, gift of Dr. Thomas Jessell), guinea pig anti-lrx3 
(1:1000, gift of Dr. Thomas Jessell), rabbit anti-Hb9 (1:2000, gift of 
Dr. Samuel Pfaff), rabbit anti-GFP and Alex a -4 88 conjugated rabbit 
anti-GFP (1 :1 000, Molecular Probes), rabbit anti (3 -gal (1 :1 000, 5 '-3 '), 
rabbit anti-GFAP (1 :1000, DAKO), mAb anti-S100 (5 (1 :1000, Sigma), 
and rabbit anti-Phox2b (1*700, gift of Dr. Jean-Francois Brunei). 
mAbs against Lim3, MNR2/Hb9, Engrailed-1, lsl1/2, Hb9, Lim3, 
Nkx2.2, and Pax6 were obtained from Developmental Studies Hy- 
brid oma Bank (DSHB). Whole-mount antibody staining of mouse 
embryos was performed as described previously (Ma et al., 1996). 

BrdU Labeling and TUNEL Assay 

BrdU labeling of mouse embryos was conducted by intraperitoneal 
injection of BrdU (Sigma, 65 mg/g body weight) 2 hr before sacrifice. 
A rat anti -BrdU antibody (Accurate) was used to detect BrdU. TUNEL 
assays were performed with a kit from Roche according to the 
manufacturer's instructions. 
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Summary 

Studies have indicated that Jljigp|^jm^B^j^|tiw 
/spinal cord originate frcA^ yen^ 
rrwin defined by expr^ 
|^term|nihig bHLH^p 
proxnWeviderce that prc^enrtors In the dorsal spinal 
cord and hi^ ; 
arid that ^ result 
fro^aj^ 

Moreover, we show that the generation of ventral oli- 
godendrocytes in the spinal cord depends on Nkx6.1 
and Nkx6J2 function, while these homeodomain pro- 
teins in the anterior hindbrain instead suppress oligo- 
dendrocyte specification. The opposing roles for Nkx6 
proteins in the spinal cord and hindbrain, in turn, ap- 
pear to reflect that oligodendrocytes are produced 
by distinct ventral progenitor domains at these, axial 
levels. Based on these firri^ 
dendrdcytes derive from'sim 

gins and that the actreaticm of CHigl/2 at dWerent posi- 
tions is controlled by distinct genetic programs. 

Introduction 

Neurons, oligodendrocytes, and astrocytes represent 
the three fundamental cell types of the vertebrate central 
nervous system (CNS), and the generation of these cell 
types at precise positions and specific time points dur- 
ing development is critical for the establishment of brain 
function. Insight has been obtained Into the molecular 
mechanisms that control the generation of specific neu- 
ronal subtypes in space and time (Jessed, 2000; Lums- 
den and Krumlauf, 1996; Pattyn et al., 2003b). Oligoden- 
drocytes and astrocytes are generated subsequent to 
neurogenesis (Rowitch, 2004), and less is known about 
the positional determination of these glial cell types dur- 
ing CNS development. 

Oligodendrocytes are the myelinating ceils of the CNS 
that insulate axons, while astrocytes provide structural 
support, regulate water balance, and maintain the 
blood-brain barrier (Rowitch, 2004). Glial cells originate 
from neural progenitors in the ventricular zone (VZ), and 
once specified they leave the VZ and migrate as prolifer- 
. ative precursors to occupy all regions of trie CNS. Stud- 
ies in thas^ 

pj^uci^ group of veri^al progenltorstctose 

to the floor plate, ^ 

'Correspondence: johan.encsondcmb.kLse 
TTiese authors contributed equally to this work. 



fatecj from rm>ro doi^ly locked progenitors (Hall et al., 
1996; Lu et aj.,2tod^ 1 993; Zhou 

and Anderson, 2002). Fuhici^ 
delrklrocyte^detenTiihir^ 

proteins Oligl ^artd Olig2 (coliecti very termed 0lig1/2) 
support the itea that oligo^erKirocvtes and astrocytes 
are generated from distinct progen itor domains and sug- 
gest further tha* ^ and astrocytes are 

^iosffio^ry specifie^(Lu et al., 2002; Zhou and Ander- 
son, 2002; Zhou et al., 2001) according to strategies 
similar to those determining neuronal subtypes (Jes- 
sell, 2000). 

In the spinal cord, different neurons emerge at specific 
dorsoventral pV) positions in response to local Sonic 
hedgehog (Shh) signaling by ventral midline cells (Jes- 
seil, 2000) and bone morphogenetic proteins (BMPs) 
secreted from the dorsal midline of the neural tube (Lee 
et al., 2000; Uem et al., 1997). In ventral positions, 
graded Shh signaling controls patterning by regulating 
the regional expression of a set of homeodomain (HD)- 
containing transcriptional repressors (Briscoe et al. t 
2000; Muhr et al., 2001), thereby establishing a combina- 
torial code of HD protein expression, which defines five 
progenitor domains. Each domain, in turn, produces a 
distinct neuronal subtype (Jessell, 2000). Oiigl/2 is in- 
duced by Shh, and its expression is confined to an indi- 
vidual ventral progenitor domain (termed pMN domain) 
that sequentially produces spinal motor neurons (sMNs) 
and oligodendrocytes (Rowitch, 2004). In Oligl 12 mutant 
mice, pMN progenitors acquire an identity typical of 
more dorsal progenitors, and the loss of sMNs and oligo- 
dendrocytes in these mice is accompanied by a con- 
comitant gain of V2 neurons and astrocytes (Lu et al., 
2002; Zhou and Anderson, 2002). Apart from revealing 
an absolute requirement for Otigl/2 for oligodendrocyte 
generation, these data show that Oligl /2 also suppress 
astroglial fate in pMN progenitors (Zhou and Anderson, 
2002), Indicating that oligodendroglial and astroglial lin- 
eages are spatially separated in vivo at early develop- 
mental stages (reviewed in Rowitch, 2004). 

While the data above, demonstrate a restricted ventral .. zr 
orig f"3 of oligodendrocytes from pM 
|rnains unclear if ; also other; pVc^erii to 
dendrpcytes in vivo. In a series of quail-to-chick grafting 
experiments, Cameron-Curry and LeDouarin provided 
data suggesting that dorsal progenitors can produce 
oligodendrocytes (Carrteron-Curry and Le Douarin, 
1995). Similar experiments by Prtngle an^ 
however, instead 'argued that dorsal progenitors only^ 
igeneNna^^ et al., 1998). In vitro assays 

have further suggested the existence of a gliaf-restricted 
progenitor cell that can be derived from both dorsal 
and ventral parts of the spinal cord and give rise to 
oligodendrocytes and astrocytes in culture (Rao et al., 
1998). Also, tripotent self-renewing stem cells that gen- 
erate neurons, oligodendrocytes, and astrocytes in vitro 
can be isolated from most parts of the developing and 
aduft CNS (Gage, 2000; Qian et al., 2000; Seaberg and 
van der Kooy, 2003), implicating that oligodendrocytes 
and astrocytes are derived from common precursors 
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broadly distributed in the CNS. However, a recent study 
has questioned the presence of such tripotent stem cells 
in vivo, since the exposure of cells to fibroblast growth 
factor 2 (FGF2), the primary mitogen used to propagate 
stem cells, can result In a deregulated positional identity 
of neural progenitors in vitro {Gabay et al. t 2003). The 
potency of progenitors isolated from a given position of 
the CNS may therefore reflect a quality acquired from 
exposure to FGF2 in vitro, rather than revealing their 
endogenous capacity In vivo. Thus, while it Is well estab- 
lished that oligodendrocytes are produced by ventral 
progenitors, It Is uncertain if also other regions of the 
developing CNS give rise to these cell types in vivo. 

We have explored the positional specification of oligo- 
dendrocytes in the spinal cord and hlndbrain and pro- 
vide in vivo and in vitro evidence that, in addition to the 
ventral pMN domain, oligodendrocytes are generated 
from dorsal progenitors at both these axial levels. High 
concentrations of BMPs block the specification of dor- 
sal 0lig2^ cells in vitro, and their generation is promoted 
when BMP signaling fs inhibited, indicating that a pro- 
gressive decrease of dorsal BMP signaling over time 
influences the temporal appearance of oligodendro- 
cytes in the dorsal neural tube. In addition, we show 
that pMN domain-derived oligodendrocytes essentially 
are missing in the spinal cord of mice lacking the ven- 
trally expressed HD proteins Nkx6.1 and Nkx6.2 (collec- 
tively termed Nkx6 proteins}. We find that these HD 
proteins instead suppress oligodendrocyte production 
in the anterior hlndbrain. These unanticipated opposite 
roles for Nkx6 proteins in the spinal cord and hindbrain, 
in turn, reflect that oligodendrocytes are produced by 
distinct ventral progenitor domains at these axial levels. 
Taken together, our data suggest that oligodendrocytes 
are generated from several distinct DV progenitor do- 
mains and that the activation of Oiigl/2 at different posi- 
tions Is controlled by distinct genetic programs. 

Results 

A Dorsal Origin of Oligodendrocyte Generation 
in the Hindbrain 

Similar to the spinal cord, oligodendrocytes In the hind- 
brain are generated from ventral progenitors, and their 
production depends on Shh signaling (Alberta et al., 
2001) and Olig1/2 function (Lu et al., 2002; Zhou and 
Anderson, 2002). However, CMig1/2 expression in the 
hindbrain is also detected in the VZ at more dorsal posi- 
tions (Figures 1 A and IB) (Liu et aJ., 2003), and the fate 
of these cells has not been determined. At E13.5, one 
dorsal Ofig1/2 expression domain spans along the axial 
extent of the hindbrain, with the exception of rhombo- 
mere 1 (Figure 1 A). To begin to examine this population 
of Olig1/2 + ceils, we mapped their DV position in relation 
to the expression of HD proteins that define different 
DV progenitor domains. While ventral Oligl* ceils at 
E1 3.5 were detected within the pMNv domain that ex- 
presses the HD protein NkxZ2 (see below), the dorsal 
Oligl + cells were located immediately dorsal to the ex- 
pression domain of Dbx2 (Pierani et al., 1999), but within 
the domain of Pax3, Pax 7, and Gsh1 expression (Figures 
1 B-1 F; data not shown). Pax3, Pax7, and Gsh1 are defin- 
itive markers of dorsal progenitor cells at this axial level 



(Goulding et al., 1991; Jostes et al. v 1990; Sander et al., 
2000; Valerius et al., 1 995), suggesting that this popula- 
tion of 0lig1/2 + cells is located within the alar plate. The 
OLP marker SoxW (Kuhlbrodt et al. f 1998) was ex- 
pressed in a fashion similar to Oligl in the dorsal hind- 
brain (Figure 1G). As determined by fmmunohistochem- 
istry, several dorsal Olig2+ cells In the VZ coexpressed 
Gshl (Figure 1H) while more laterally positioned, and 
presumably more mature, cells coexpressed the OLP 
markers PDGFRa (Hall et al., 1996) and NG2 (Figures 1 J 
and 1 K) (Nlshiyama et al., 1996) but not the panneuronal 
marker NeuN (Figure 11) (Mullen et a!., 1992). Together, 
these data strongly suggest that at least a subset of 
Oligl /2 + cells in the hindbrain originates from dorsal 
progenitors and are consistent with the idea that these 
cells differentiate into oligodendrocytes. 

To more extensively investigate if dorsal progenitors 
in the hindbrain generate oligodendrocytes, we exam- 
ined the capacity of hindbrain explants to generate OLPs 
in vitro. In this assay, explants corresponding to the 
ventral and dorsal Otig1/2 + domains (Figure 1X) were 
isolated at E10.5, approximately 2-3 days before 
Oligl /2 + OLPs can be detected in vivo (Miller, 2002). 
Explants isolated from tissue intervening the ventral and 
dorsal Oligl /2 + domains (intermediate explants; Figure 
1X) were included as controls, since this OIig1/2~ do- 
main is predicted not to produce oligodendrocytes 
in vivo or in vitro. Explants were cultured in defined 
media containing platelet-derived growth factor (PDGF- 
AA) for various time points, and OLP generation was 
scored by monitoring expression of the OLP markers 
OHg2, PDGFRa, NG2, and the 04 antigen (Sommer and 
Schachner, 1 981). Importantly, we did not add fibroblast 
growth factors (FGFs) to the culture media, since FGF2 
has been shown to ventralize cultured dorsal neural pro- 
genitor cells, resulting in an arbitrary in vHro-triggered 
induction of Olig2 expression and oligodendrocyte dif- 
ferentiation (Chandran et al., 2003; Gabay et al., 2003). 

In ventral and dorsal explants cultured for 6 days, an 
extensive number of Olig2 + cells were detected, and 
the majority of cells coexpressed PDGFRa and NG2 
(Figures 1L, 1N, 10, and 10). After 8-10 days in vitro, 
ventral explants showed significant expression of the 
more mature oligodendrocyte lineage marker 04 (Figure 
1T). 0Hg2 + /04 + cells were detected also in dorsal ex- 
plants, albeit the number of double-positive cells was 
lower as compared to ventral explants (Figure 1 R). Im- 
portantly, in intermediate explants cultured under identi- 
cal conditions, expression of Otig2, PDGFRa, or 04 was 
not detected at any time point analyzed (3-10 days of 
culture; Figures 1M, IP, and 1S and data not shown). 
Thus, progenitors isolated from a DV domain that lacks 
expression of Oligl /2 In vivo do not generate OLPs under 
these in vitro cutturing conditions. Given that dorsal but 
not the more ventral intermediate explants generate 
OLPs, it is unlikely that the OLPs observed in dorsal 
explants represent ventrally derived OLPs that at the 
time of tissue isolation had migrated into dorsal posi- 
tions. Moreover, the absence of OLPs in intermediate 
explants makes it unlikely that the generation of OLPs In 
dorsal explants result from a deregulated, or ventral ized, 
potential of dorsal progenitors due to the culturing con- 
ditions. In additional support for this, we could detect 
expression of Pax7 (Figure 1 U) but not the ventral mark- 
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Figure 1 . Dorsal CHfg1/2 + Progenitors In Hindbrain Give Rise to Oligodendrocytes 

(A) Dorsal fiat-mount view showing expression of Otigt in the ventral (arrow) and dorsal (arrowhead) hindbrain (HB). 

(B-G) Transverse sections of rhombomere (R) 4 of the HB at E13.5 showing expression of Ofigl (B), Nkx2.2 (C), Pax3 (D), Dbx2 (E), and Gsftf 
(F). Dorsal Oflg7 + cells (ventral boundary indicated by arrowhead) are located within the domain of Qsh1 and Pax3. Ventral OtfgJ 4 cells are 
detected within the Nkx2J2+ domain (dorsal boundary indicated by arrow). SoxlO (G) is at E1 2.5 expressed in a fashion similar to Otigl (B). 
(H-K) A subset of dorsal 0Ilg2* cells expresses Gshl/2 (H), PDGFRa (arrows In (JD, and NG2 (arrows in [KQ but not NeuN (I). 
(L-W) Ventral ffyD and dorsal QdQ but not Intermediate (pD HB explants isolated at E10.5 generate oligodendrocytes in vitro. After 6 days in 
culture, OtIg2 + /PDGFRa * cells are present in dorsal (inset in [LD and ventral (inset in [NJ) exptants. After 8 days, Olig2* cells in ventral and 
dorsal explants express NG2 (O and Q) and 04 (R and T). No celts In Intermediate explants expressed OBg2, PDGFRa, NG2, or 04 (M, P, and 
S). HB explants retain their dorsoventral identity, shown at 3 days in culture. Dorsal exptants express Pax7 (U), while ventral express Nkx2£ (W). 
(X) Illustration of Isolated dorsal, Intermediate, and ventral explants. 

(V and Z) FGF2 Induces 0!ig2 and PDGFRa expression In intermediate explants, shown after 8 days in culture. 



ers Nkx2.2 or Shh (Figures 1 U and 1 W; data not shown) 
In dorsal explants cultured for 2-6" days. 

It is possible that the absence of OLPs in intermediate 
explants could reflect that intermediate progenitors, in 
contrast to their more ventral or dorsal counterparts, 
have lost competence to generate oligodendrocytes at 
the time of tissue isolation. To examine this, we cultured 
intermediate explants In media enriched with FGF2. In 
contrast to explants cultured in PDGF-AA-enriched 
media without FGF2 (Figure 1Y), numerous Oflg2 + / 
PDGFRa + -express! ng cells were detected in intermedi- 
ate explants cultured in the presence of FGF2 (Figure 
1 Z). These data show that intermediate progenitors have 



the potential to produce OLPs and support the notion 
that addition of FGF2 to neural progenitor, or stem cell, 
cultures in vitro induces oligodendrocyte differentiation 
in cells not fated to generate these cells in vivo. Taken 
together, these data lend strong support to the idea 
that oligodendrocytes are derived from both ventral and 
dorsal 0lig1/2 + progenitor domains in the hindbrain. 

Dorsal Progenitors in the Spinal Cord Generate 
Olig2- Expressing Cells and Give Rise 
to Oligodendrocytes in Cufture 

The generation of oligodendrocytes has been most ex- 
tensively studied in the spinal cord (Rowltch, 2004). A 
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Figure 2. DorsaJ Spinal Cord Progenitors Express Olig2 and Generate Oligodendrocytes In Vitro 

(A-E) Transverse sections of thoracic spinal cord (SC) at E1 3.5 and E15.5 showing expression of 08g2 relative to Pax7 (A-C) and Gsh1/2 (D 

arid E). Several dorsal ty positioned OBg2* cells coexpress Pax7 (C) and Gsh1/2 (E) at E1 5.5. 

(F) Summary illustrating that Ofig2+ cells can be detected both to the ventral and dorsal ventricular zone (VZ). 

(CI) Illustration of the division of SC fnto dorsal and ventral explants. 

(H-S) Whole-mourit staining of dorsal and ventral explants isolated at El 2.5. Cells in dorsal and ventral explants express O0g2 <H and I) and 
retain their dorsoventral identity after 2 days of culture; dorsal explants express Pax7 (J), and ventral explants express Nkx2.2 (M). Inset In 
(J) shows OUg2+ cells that express Pax7. Olig2~ cells in dorsal and ventral explants express PDGFRa after 6 days (N and O), CM after 8 days 
(P and Q). and MBP after 10 days In vitro (R and S). 



major source of oligodendrocyte production at this level 
is the ventral pMN domain that expresses Oligl and 
CHig2 (Hall et al., 1996; Lu et a!., 2002; Pringle and Rich- 
ardson, 1993; Zhou and Anderson. 2002). It remains 
uncertain if also other progenitor domains in the spinal 
cord generate oligodendrocytes In vivo (Cameron-Curry 
and Le Douarin, 1995; Miller, 2002; Pringle et al.. 1998; 
Richardson et ah, 2000; Spassky et a!., 2000). Our data 
suggesting a dual origin of oligodendrocytes in the hind- 
brain prompted us to examine the positional generation 
of oligodendrocytes in the spinal cord. In agreement 
with previous studies, the expression of Otig2 within the 
VZ was selectively confined to the ventral pMN domain 
at the peak of OLP specification at E13.5 (Figure 2A). At 
El 5.5, migrating Olig2 + OLPs were detected throughout 
the spinal cord (Figures 2B and 2D; data not shown). 
Interestingly, many Oil g2 + cells located within or in close 
proximity to the dorsal VZ coexpressed the dorsal pro- 
genitor markers Pax7 and Gsh1/2 at E15.5 (Figures 2C 
and 2E). Dorsal 01ig2 + ceils located at a distance from 
the VZ did not express these markers (Figures 2B 
and 2D). 

The presence of Olig2 + /Pax7 4 7Gsh1/2 + In the dorsal 
spinal cord raised the possibility that dorsal progenitors 
generate Olig2* oligodendrocytes at this level. Alterna- 
tively, a subset of migrating Olig2 + ceils generated from 
the pMN domain could Invade the dorsal VZ and initiate 
expression of Pax7 and Gsh1/2 at El 5. To distinguish 
between these possibilities, we compared the ability 
of isolated ventral and dorsal spinal cord explants to 



generate oligodendrocytes in vitro. In these experi- 
ments, ventral and dorsal explants were isolated at 
El 0.5 or at El 2 and thus prior to any dorsal migration 
of pMN-derived OLPs (Sussman et al., 2000). Explants 
were cultured in media containing PDGF-AA but not 
FGF2 for various time points. In these conditions, OLP 
differentiation was observed in both ventral and dorsal 
explants after 4-8 days of culture, as determined by 
Olig2+ cells that coexpressed PDGFRa, NG2, and the 
04 antigen (Figures 2N-2Q; data not shown). After 8-1 0 
days, Olig2-expressing cells in ventral and dorsal ex- 
plants had initiated expression of myelin basic protein 
(MBP), a marker of mature oligodendrocytes (Figures 
2R and 2S) (Lemke, 1988). Similar results were obtained 
from ventral and dorsal spinal cord explants isolated 
from E10.5 and E12.5 embryos (data not shown). 

We next examined the DV identity of cells In spinal 
cord dorsal and ventral explants. In dorsal explants iso- 
lated at E12, Olig2 + cells could first be detected after 
2-3 days of culture, a time point that corresponds welt 
with the appearance of Olig2~7Pax7VGsh1/2+ cells at 
around E15 in vivo (Figures 2J, 2L, and 2B-2E; data not 
shown). At these stages, Pax7 expression was observed 
while no expression of ventral markers Nkx2.2, Nkx6.1 , 
or Shh could be detected (Figures 2J and 2L; data not 
shown). Importantly, several Olig2 + cells in dorsal ex- 
plants coexpressed Pax7 (Figure 2 J). Similar results 
were obtained when dorsal explants were isolated at 
E10.5 (data not shown). In ventral explants, expression 
of Nkx2.2, Nkx6.1, and Shh but not Pax7 could be de- 
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Figure 3. A Loss of Ventraily Derived Oligo- 




dendrocytes fri the Spinal Cord of Nkx6 Mu- 
tant Mice 

(Af-L) Transverse thoracic SC sections of 
wild-type (wt) and NkxS mutant mice at E11 .5 
and E13.5. Expression of Nkx6.1 and the MN 
marker Hb9 w\ wt (A) and Nkx6 mutants (B) at 
E11.5. Box in (A) and (B) marks part of SC 
shown tn (CHL). The expression of Ottg2 in 
the pMN domain is lost (C and D). At El 3.5, 
expression of the OLP markers Ofig2 (E and 
F), CWgf (G and H), SoxfO 0 and J), and 
PDGFRa (K and L) are missing in the ventral 
spinal cord of NkxB mutant mice. Dotted fines 
in (CHL) indicate pMN domain boundaries. 



tected (Figures 2K and 2M; data not shown). These data 
show that dorsal Pax7 + progenitors generate Ollg2- 
expressing cells and that Olig2 + cells differentiate along 
the OLP lineage in vitro and argue against the possibility 
that Olig2VPax7 + /Gsh1/2 + detected in vivo would rep- 
resent dorsally migrating cells that originate from the 
pMN domain. The retained DV identity of cells in dorsal 
expiants also seems to exclude the possibility that OLPs 
in dorsal expiants are generated in response to an 
in vitro-induced, albeit FGF-lndependent, ventralization 
of progenitor cell identity. 

A Loss of Ventraily Derived Oligodendrocytes 
In the Spinal Cord of NkxB Mutant Mice 
To further examine the possibility of a dual ventral and 
dorsal origin of oligodendrocytes in the spinal cord, we 
analyzed mice lacking the related HD proteins Nkx6.1 
arid Nkx6-2. Nkx6 proteins are expressed in the ventral 
neural tube, including the pMN domain, and their func- 
tion is necessary for the ventral expression of Olig2 and 
the generation of MNs in the spinal cord (Figures 3A 
and 3B) {Novitch et al., 2001 ; Vallstedt et al., 2001). Trie 
generation of oligodendrocytes in the spinal cord has 
not been examined in NkxB mutants, but the ventral 
extinction of Olig2 expression raised the possibility that 
pMN domain-derived oligodendrocytes may be af- 
fected. In agreement with this, we could not detect any 
expression of Oligl or Olig2 in the ventral spinal cord 
between E1 1 .5 and El 3.5 (Figures 3D, 3F, and 3H), the 
time at which ventral oligodendrocytes are being speci- 
fied (Hall et al., 1996). Also, while Sox 10 and PGDFRa. 
could be detected in the pMN domain and/or in migrat- 
ing OLPs in controls at E13.5, the expression of these 
OLP markers was missing in NkxB mutants (Figures 31- 
3L). These data show that Nkx6 proteins are required 
not only for the generation of spinal MNs, but also for 
the subsequent specification of oligodendrocytes from 
the pMN domain. 

Oligodendrocytes Are Generated 
from Progenitors with a Dorsal Identity 
In the Spinal Cord of Nkx6 Mutants 
Oligl /2 Is required for the generation of all oligodendro- 
cytes regardless of their developmental origin in the 
CNS (Lu et al., 2002; Zhou and Anderson, 2002). Our 
data indicate that Nkx6 proteins are necessary for the 
generation of pMN domain-derived oligodendrocytes in 



the spinal cord. However, since Nkx6.1 and Nkx6.2 are 
expressed only in ventral progenitors, they are not pre- 
dicted to affect the generation of putative dorsally de- 
rived oligodendrocytes. We therefore examined the gen- 
eration of ollg^endrocytes in Nkx6 mutants at E15.5, a 
stage when Olig2 + cells that coexpress Pax7 and Gshl /2 
can be detected in the dorsal spinal cord in wild-type 
embryos (Figures 2C and 2E). In controls at this stage, 
OLPs were evenly distributed in the spinal cord gray 
matter, as determined by Oligl expression (Figure 4C). 
Strikingly, numerous 0//gf -expressing cells were ob- 
served also In NkxB mutants, but in contrast to controls, 
essentially all Oligl* cells were located in the dorsal 
half of the spinal cord (Figure 4D). The number and 
distribution of OHg2 + cells coexpressing Pax7 and/or 
Gshl/2 in lateral positions of the dorsal VZ was similar 
in mutants and controls at El 5 (Figures 4E-4J and 4W). 
These data provide strong genetic evidence that 
OHgV2 + cells are generated from the dorsal VZ in vivo. 
A few 0lig1/2 + cells could occasionally be detected in 
ventral positions at E15 (Figure 4F). Therefore, we can- 
not exclude the possibility that a subset of Oligl /2 + cells 
in NkxB mutants are generated also from ventral progen- 
itors. 

In control embryos at E15, a subset of Olig2 + cells in 
the dorsal spinal cord expressed PDGFRa, while only 
rare Olig2 + /PDGFRa + cells could be detected in NkxS 
mutants at this stage (Figures 4K and 4L). We noticed 
that a population of Olig2 + cells that lacked the expres- 
sion of PDGFRa and NG2 was present at E15.5 in wild- 
type mice, and this population corresponded in number 
to the Olig2+/PDGFRa-/NG2- cells observed in mutant 
mice (Figure 4X; data not shown). At El 8.5, Olig2 + cells 
were evenly distributed in Nkx6 mutants (Figure 4N), and 
the majority of these cells had at this stage initiated 
expression of PDGFRa and NG2 (Figures 4P, 4R, and 
4X). Consistent with the generation of oligodendrocytes 
from dorsal progenitors in vitro, these data provide ge- 
netic evidence that Ofig1/2+ cells with a dorsal origin 
acquire molecular characteristics of OLPs also in vivo. 
Additionally, the uniform distribution of Olig1/2 cells in 
NkxB mutants at E18.5 indicates that dorsally derived 
OLPs migrate into the ventral neural tube, at least in 
conditions when the generation of pMN domain-derived 
oligodendrocytes is compromised. We could not exam- 
ine If OLPs In NkxB mutants acquire a terminal oligoden- 
drocyte phenotype in vivo, since NkxB mutant embryos 
die at birth, the time when OLPs begin to terminally 
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Figure 4. Dorsal Ollgl/2* Celb Generate Oligodendrocytes in the Spinal Cord of Nkx6 Mutant Mice 

(A-L) Transverse thoracic SC sections of wt and Nkx6 mutant embryos at El 3.5 to E15£l Ventral OlJg2 + cells are detected in controls (A) but 
not Nkx6 mutants (B) at El 3.5. At El 5.5, OUg1 expression Is detected throughout the SC of controls (C). In A0bt6 mutants, O0g1 expression 
at E15.5 is detected predominantly In the dorsal SC <D). Dorsal Ofig2' celts in controls and Nkx6 mutants at El 6.6 coexpress Pax7 (E-H) and 
Gsh1/2 {I and J). At E16-5, a small number of Otig2 f cells <one to two cells per section) was also detected within, or in close proximity to, the 
ventral VZ in Nkx€ mutants (F). Dotted line in (A)-{F) indicates the ventral boundary of Pax7 expression. OUg2* cells in Nkx6 mutants do not 
express PDGFRa at El 5.5 (L), while both OBg2'/PDGFRo~ cells (arrow in (KJ) and Oiig2 ' /PDGFRa 1 cells (arrowhead in [KJ) are found in 
controls at this stage. 

(M-T) Transverse thoracic SC sections of wt and Nkx6 mutant mice at E1 8-5. CHlg2* cells are evenly distributed along the DV axis In wt (M) 
and Nkx6 mutants (N), and the majority of eels express PDGFRa (O and P) and NQ2 (Q and R). OHg2VNkx2.2 + are detected in wt (S) but not 
tfkx6 mutant embryos (T). 

(U and V) Nkx6 mutant SC tissue isolated at E12.5 and cultured for 10 days generate Olig2* cells that coexpress 04 (U) and MBP (V). 

(W) Quantification of OUg2 + /Gsh1/2 + cells In wt and NkxS mutants at E15.5. Counts from six to eight sections per embryo; n » 2 wt and 3 

NkxS mutants; mean ± SD. 

(X) Quantification of 06g2*/PDGFRa~ and Olig2VPDGFRa* in the SC of wt and Nkx6 mutant embryos at El 5.5 and El 8.5. Similar numbers 
of OJkj2VPDGFRa" are present in wt and mutant mice at both time points. Counts from ten sections: mean + SD. 
(Y) Model indicating the differentiation profile of ventral and dorsal oBgodendrocytes fci the SC. 



differentiate (Baumonn and Pham-Dfnh, 2001). Never- 
theless, OHg2* cells that expressed 04 and MBP could 
be detected in isolated NkxS mutant spinal cord tissue 



after culture in vitro (figures 4U and 4V), indicating that 
these cells have the capacity to differentiate into mature 
oligodendrocytes. 
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Dorsal and Ventral OLP Lineages Express Distinct 
Molecular Properties at Prenatal Stages 
Are oligodendrocytes generated from distinct positional 
origins molecutariy and functionally equivalent? Studies 
of neuronal differentiation suggest that neurons with 
similar functional properties have certain common mo- 
lecular properties, but also that functional differences 
among cells within a given class are associated with 
subtype-specific profiles of gene expression (Jessell, 
2000). As compared to neuronal cell differentiation, little 
is known about the determination of different glial sub- 
types (Rowitch, 2004). To examine the molecular proper- 
ties of dorsally and ventraJJy derived oligodendrocytes, 
we compared the gene expression profile of Olig2 + 
OLPs in controls and Nkx6 mutant mice at E18.5. In 
controls, a subset of Olig2*VPDGFRot + ceils in the spinal 
cord had initiated expression of Nkx2.2 (29% ± 2.5%) 
{Figure 4S) (Qi et a!., 2001). In contrast, few if any Olig2 V 
PDGFRa + cells in NkxS mutants expressed Nkx2.2 at 
this stage (Figure 47). The lack of OLPs that express 
Nkx2.2 in NkxG mutants indicate that Nkx2.2 selectively 
marks OLPs with a ventral origin and that OLPs with 
different origins are molecularty distinct, at least at pre- 
natal stages of spinal cord development. 



Evasion of BMP Signals Influences the Timing 
of Ollg1/2 Induction In Dorsal Progenitors 

The occurrence of dorsally generated oligodendrocytes 
raises the issue of how these cells are specified. In the 
neural tube, local BMP signaling has a central role in the 
initial establishment of dorsal progenitor identity (Lee et 
al., 2000; Uem et al., 1997; Nguyen et al., 2000). BMPs 
expressed in the dorsal neural tube also function to 
suppress more ventral Shh-dependent cell fates, includ- 
ing MNs (Uem et al., 2000) and ventral oligodendrocytes 
derived from the pMN domain (Hall and Miller, 2004; 
Mekki-Dauriac et al., 2002). The activation of Olig1/2 
expression in dorsal progenitors occurs at around E15, 
a stage when the neural tube has grown considerably 
in size. We therefore considered the possibility that dor- 
sally generated oligodendrocytes could be sensitive to 
BMPs and that their (ate birth could reflect a decrease 
of BMP signaling over time. To examine this, we ana- 
lyzed the number of Oiig2 + cells in dorsal explants that 
were isolated at E10.5 or E12.5 and exposed to BMP7 
or the BMP antagonists Noggin and Chordin (Piccolo et 
al., 1996; Zimmerman et al., 1996). In dorsal explants 
isolated at El 0.5, the generation of Oiig2 + ceils was 
completely blocked when cells were exposed to 1 ng/ml 
of BMP7 (Figure 5G; data not shown). Interestingly, the 
exposure of E10.5 dorsal explants to Noggin/Chordin 
resulted in a 3- to 4-fbld increase in the number of Olig2+ 
cells as compared to controls (Figures 5A, 5B, and 5E). 
This increase did not reflect a ventraifzatton of progeni- 
tor Identity, as indicated by the in vitro detection of 
Olig2 + /Pax7 + cells (Figure 5F) and a lack of any detect- 
able induction of Nkx2.2 or Nkx6.1 expression (data not 
shown). Instead, the increased number of Olig2+ cells 
In E10.5 explants exposed to Noggin/Chordin correlated 
with a more rapid induction of these cells as compared 
to controls (Figures 5H-5L). BMP7 blocked OJig2 ex- 
pression also in dorsal explants isolated 2 days later at 



E12.5 {data not shown). In contrast to explants isolated 
at E1 0.5, however, exposure of E1 2.5 explants to Noggin 
and Chordin did not result in an increased generation 
of Olig2 + cells (Figures 5C-5E). While these data show 
that dorsal progenitors are still responsive to BMPs at 
E12.5, the failure of BMP antagonists to promote the 
generation of Olig2^ cells at later stages Is consistent 
with the idea that concentration of BMPs in the dorsal 
neural tube decreases over time. 

Oligodendrocytes Derive from Different Ventral 
Progenitor Domains in the Spinal Cord and Hindbrain 
While Nkx6 proteins are required for Olig2 expression 
in the ventral spinal cord, the expression of Oiig2 per- 
sists in the ventral hindbrain of Nkx6 mutants and is 
even ectopically activated at anterior hindbrain levels 
(Pattyn et al., 2003b). The differential regulation of Olig2 
in the spinal cord and hindbrain raised the possibility 
that the generation of ventral oligodendrocytes is regu- 
lated differently at these axial levels. In support for this, 
and in contrast to the spinal cord, we found an extensive 
ventral ectopic induction of Oligl, Olig2, Sox 10, and 
PGDFRot In the anterior hindbrain of Nkx€ mutants at 
El 2.5 as compared to controls (Figures 6H, 6J, 6L, and 
6N and data not shown). These data provide direct evi- 
dence that Nkx6 proteins suppress oligodendrocyte 
generation in ventral positions of the anterior hindbrain. 
Dorsally derived OLPs In the hindbrain, however, ap- 
peared to be unaffected by the loss of Nkx6 function 
(Figures 6G and 6H). 

How then can Nkx6 proteins mediate opposing effects 
on the generation of oligodendrocytes at different axial 
levels of the CNS? Most HD transcription factors that 
are involved in ventral neural patterning, including 
Nkx6.1 and Nkx6.2, function directfy as transcriptional 
repressors (Muhr et ai., 2001; Novitch et al., 2001; Zhou 
et al., 2001). These data suggest that the promotion of 
Olig2 expression by Nkx6 proteins in the spinal cord is 
indirect and possibly involves an Nkx6-mediated exclu- 
sion of a repressor of Olig genes in pMN progenitors. 
In the spinal cord, the Oligl /2* pMN domain is located 
immediately dorsal to p3 progenitors, which express 
Nkx2.2 and produce S/ro 7 -ex pressing V3 neurons 
(Briscoe et ai., 1999). Nkx2.2 is sufficient and required 
for the generation of V3 neurons in the spinal cord and 
is an established repressor of CHig2 expression at this 
axial level (Muhr et al., 2001 ; Novitch et al., 2001; Zhou 
et al., 2001). Unexpectedly, we found that the domain 
of Nkx2.2 and Sim1 expression had expanded dorsalry 
and encroached into the presumptive pMN domain in 
the spinal cord of Nkx6 mutants at E11.5 (Figures 6A- 
6D). These data show a genetic requirement for Nkx6 
proteins to suppress Nkx2.2 expression in the pMN do- 
main. Further, they reveal a strong correlation between 
the loss of Olig2 expression, and subsequent oligoden- 
drogenesis, and the dorsal expansion of Nkx2.2 into the 
pMN domain of Nkx6 mutant spinal cord. 

The observation that loss of Nkx6 proteins in the ante- 
rior hindbrain instead results in an ectopic induction of 
OLP markers, led us to examine the generation of OLPS 
at this level in more detail. In the anterior hindbrain, 
ventral expression of Olig2 could first be detected at 
El 2.5 (Figures 6E, 61, and 6K). Most, if not all, Olig2 + 
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Figures* Decreased BMP Slgna&ng Pro- 
motes the Generation of Dorsal Oig2 f Cells 
In Vitro 

(A-D) Olio.2* celts in dorsal SC explants from 
E10.5 (A and B) and E^ZS (CandD) embryos 
cultured until corresponding day E1 &5 in the 
absence (A and C) or presence (B and D) of 
BMP inhibitors Noggin and Chordln. 

(E) Exposure of E10.5 explants to Noggin/ 
Chordin resulted in a 3.5-fold increase in 
Olig2+ ceils as compared to controls. A simi- 
lar number of OJJg2* ceils was observed in 
El 2-5 explants cultured with or without Nog- 
gsVChordkt. Graph shows ratio of Olig2* 
cells in Nogo, in/Chord tn-treated explants ver- 
sus controls. Eight explants analyzed per 
time point; mean ± SD. 

(F) Explants retain their dorsal identity in the 
presence of Noggin/Chordin as indicated by 
Pax7 expression and the detection of Pax7 V 
Ofig2 ' cells (arrows in [F0. 

(G) BMP7 suppresses Olig2 expression in 
El 0.5 dorsal SC explants cultured for 8 days. 
(H-K) OUg2 expression in E1 0.5 dorsal ex- 
plants cultured for various time points in the 
presence or absence of Noggin/Chordin. 

CD Quantification of Olig2" ceils per exptant. 
In explants exposed to Noggli/Chordln, 
OHg2* cells could first be detected after 3.5 
days of culture, as compared to 4.5 days in 
controls. Explants treated with Noggin/ 
Chordln show higher numbers of OHg2+ cells 
compared to controls. Counts from six ex- 
plants per time point; mean ± SD. 




cells at this stage were located in lateral positions of 
the Nkx2.2 + VZ, and marry cells coexpressed Nkx2.2 
and Olig2 (Figures 6E and 6Q. Many CHig2* cells also 
expressed PGDFRa, indicating that they Indeed are 
OLPs (Figure 6K). Thus, while Ofig2 + cells in the ventral 
spinal cord are generated dorsal to the Nkx2.2 + progeni- 
tor domain, CHig1/2 + cells in the anterior hindbrain ap- 
pear to be derived from Nkx2.2-expressing progenitors. 
Like spinal cord levels, the domain of Nkx2.2 expression 
was expanded dorsally in the anterior hindbrain of NkxG 
mutants at E1 2.5 (Figures 6F and 6J; data not shown). At 
this axial level, however, there was a striking correlation 
between the expanded expression of Nkx2.2 and the 
ectopic Induction of oligodendrocyte differentiation 
(Figures 6J, 6L, and 6N). These data show that the differ- 
ential regulation of oligodendrocytes by Nkx6 proteins 
is tightly linked to the expression of Nkx2.2 and to the 
distinct ventral origins of oligodendrocytes in the spinal 
cord and anterior hindbrain (Figures 60 and 6Q). 

Discussion 

Previous studies have established that oligodendro- 
cytes in the spinal cord are generated from ventral pMN 
progenitors in the spinal cord. In addition to a ventral 
origin of these cells, we here provide evidence that oligo- 
dendrocytes are produced also by progenitors in the 
dorsal spinal cord and hindbrain. Our study further sug- 
gests that most ventraily generated oligodendrocytes 
in the hindbrain are produced from Nkx2.2 + progenitors, 
rather than from more dorsally positioned pMN progeni- 
tors. Together, these data reveal multiple positional ori- 



gins of oligodendrocyte specification in the spinal cord 
and hindbrain and provide evidence that the activation 
of OJig1/2 expression at different positions is regulated 
by distinct genetic programs. 

A Dual Ventral and Dorsal Origin of Oligodendrocyte 
Generation In the Spinal Cord 

sMNs and oligodendrocytes are generated sequentially 
from pMN progenitors in the ventral spinal cord, and 
the generation of these cells depends on the function 
of Olig1/2 (Mizuguchi et al. ( 2001; Novitch et al. f 2001; 
Zhou et al., 2001). We provide several lines of evidence 
that, in addition to those in the pMN domain, dorsal 
progenitors in the spinal cord generate oligodendro- 
cytes. First, at E15, approximately 2 days after the gener- 
ation of OLPs from the pMN domain, we find that a 
subset of dorsal Olig2 + cells are located within the VZ 
and coexpress the established dorsal progenitor mark- 
ers Pax7 and Gsh1/2 (Figures 2B-2E). Second, oligoden- 
drocytes are produced by isolated dorsal progenitors 
in culture, under in vitro conditions in which cells retain 
their dorsal progenitor identity. Olig2"7Pax7 + cells were 
generated in dorsal explants isolated as early as E10.5 
and, together with our analysis of Nkx6 mutants, these 
experiments argue against the formal possibility that a 
subset of pMN domain-derived OLPs would initiate Pax7 
and Gshl expression after migrating into the dorsal neu- 
ral tube. Third, while the pMN domain and ventral oligo- 
dendrocytes are missing In the spinal cord of Nkx6 mu- 
tants, dorsal Oil g 2 VP ax7 VG sh 1 /2 ~ are generated on 
schedule and in numbers similar to those detected in 
controls at El 5. 
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Figures. Different Ventral Progenitor Do- 
mains in Spinal Cord and Hind brain Give Rise 
to Oligodendrocytes 

(A-N) Transverse HB and SC sections of wt 
and NkxG mutant embryos at E1 2.5-1 3.5. In 
the SC of wt mice, OBg2 + cells are detected 
dorsal to the domain of NkxZ2 expression at 
E12.5 (A). In Nkx6 mutant mice, CHig2 ' cells 
are absent, and the expression of NkxZ2 (B) 
and the V3 neuron marker Si ml (C and D) is 
dorsal fy expanded. Ventral OBg2* cells at the 
R5 and R3 levels of the E12J5 hlndbrain are 
detected within, or In close proxknity to, the 
Nkx2.2* domain (E and I). Note that several 
lateraity positioned Nkx2-2 + cells coexpress 
OHg2. In the Mcx6 mutant HB, the domain of 
NKX2.2 expression expands dorsally (F and 
J), and here the expansion Is associated with 
an increased number and a dorsal expansion 
of 0lig2 + cells (F, J, K, and L>. The generation 
of ectopic Otig2' cells in the ventral hind* 
brain of Nkx6 mutants is accompanied by In- 
duction of OLP markers Otigl (Q and H), 
PDGFRa (K and L), and SoxW (M and N)> 
Dotted Bnes indicate dorsal boundary of wt 
Nkx2.2 expression. Arrow and arrowhead in- 
dicate ventral and dorsal Ofig1+ domains, re- 
spectively (G and H). (O-R) Model of oBgoden- 
drocyte specification in the ventral spinal cord 
and hlndbrain. In the ventral spinal cord and 
caudal-most hindbrain, somatic MNs and 
OLPs are sequentially generated from the 
OUg1/2 + pMN domain located dorsal to 
Nkx2.2* progenitors (O). In the spinal cord, 
Shh induces expression of Nkx6 and OBgl/2 
proteins in the pMN domain, while higher Shh 
concentrations induce Nkx2-2 expression In 
more ventral positions (P). Nkx6 proteins sup- 
press Nkx2.2 expression in the pMN domain. 
The dorsal expansion of Nkx2^ observed in 

AfficxS mutants may underlie the extinction of OBgl/2 expression in SC pMN progenitors and the ectopic generation of V3 neurons. Since NkxS 
proteins are coexpressed with Nkx2.2 in p3 progenitors, the repression of Nkx2.2 by Nkx6 is likely to require a pMN domain expressed 
cofactor. At anterior hindbrain levels, ventral iy derived oftgodendrocytes are generated from the Nkx2.2* pMNv domain that at earner stages 
produce visceral MNs (Q and R). Nkx6 proteins control the dorsal limit of Nkx2.2 expression also in the hindbrain. Since Ollgl/2-expressing 
OLPs derive from the Nkx2-2 + progenitor at this level, the expansion of Nkx2.2 expression in the absence of Nkx6 function therefore results 
in a premature and ectopic Initiation of Ollgl/2 expression and oligodendrocyte differentiation (Q). 




Spinal cord 



Anterior hindbrain 
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We cannot formally establish that dorsal OIig2* cells 
acquire properties of mature oligodendrocytes In vivo, 
since NkxS mutants die at birth and, in wild-type em- 
bryos, differentiating dorsal OIig2 + cells downregulate 
the expression of Pax7 and Gsh 1/2 and intermingle with 
OLPs generated from the pMN domain. Nevertheless, 
our data show that cells in NkxS mutants differentiate 
along the oligodendrocyte lineage in vivo and further 
that mature oligodendrocytes are produced in vitro in 
both cultured NkxS mutant tissue and wild-type dorsal 
spinal cord explants. Taken together, these data strongly 
suggest that oligodendrocytes in the spinal cord are 
generated from both ventral and dorsal progenitor cells. 
Our study also suggests that oligodendrocytes are gen- 
erated from dorsal progenitors in the hindbrain, and 
other studies have indicated a dual origin of oligoden- 
drocytes In the forebrain (Gorski et al., 2002; Levison 
and Goldman, 1993). It is possible, therefore, that the 
specification of oligodendrocytes from dual, or multiple, 
DV positions is a general characteristic of the devel- 
oping CNS. 

The relative contribution of the dorsal lineage of OLPs 



is unclear, but comparisons of the total number of 
Otigl/2-expressing cells in control and NkxS mutant em- 
bryos imply that dorsally generated cells represent a 
minor fraction of the total number of OLPs at prenatal 
stages of development (20%-30%; data not shown). In 
wild-type conditions, however, this number could be 
lower, since dorsally specified OLPs in NkxS mutants 
could be propagated more efficiently due to the lack of 
ventrally derived OLPs that are likely to compete for 
essential growth factors such as PDGF (Calver et al. t 
1998). Also, while we observe similar numbers of 0lig2 + 
cells expressing dorsal progenitor markers in NkxS mu- 
tant and controls at E15, the accompanying paper by 
Cai et al. {2005) in this issue of Neuron reports an approx- 
imately 3-fbld increase In the number of Olig2VPax7 + 
cells in NkxS mutants. While the reason for this differ- 
ence between our studies remains unclear, it raises the 
possibility that the ventral loss of Nkx6 proteins and/or 
ventral oligodendrocytes may have a certain influence 
on the specification of OLPs from dorsal progenitor 
cells. 

How then is the specification of dorsally derived oligo- 
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dendrocytes regulated? Olig1/2 proteins are required 
for the generation of ail oligodendrocytes (Lu et a!., 2002; 
Zhou and Anderson, 2002), and a key step, therefore, 
must be to regulate the initiation of Otig1/2 expression 
in dorsal progenitor cells. Local BMP signaling from the 
roof plate has an essential early role in establishing 
dorsal neural tube Identity and the patterned generation 
of dorsal neuronal subtypes (Helms and Johnson, 2003; 
Lee et at., 2000; Uem et ai., 1997). Scattered Olig2 + / 
Pax7 + Gsh1/2 + cells can first be detected in lateral posi- 
tions of the VZ at around El 5 (Figures 2B-2E, 4E, and 
4G). We find that BMP7 suppresses oligodendrocyte 
differentiation in dorsal neural tube explants in vitro, 
while BMP antagonists enhance generation of dorsal 
Olig2 + ceils in dorsal explants isolated at early develop- 
mental stages. Since the spinal cord has grown consid- 
erably in size by E15, these data are consistent with a 
model in which the timing of Olig1/2 induction in dorsal 
progenitors involves a progressive evasion of BMP sig- 
naling due to a limited range of action of BMP signals 
secreted by the roof plate. 

The induction of Olig1/2 expression in the pMN do- 
main requires Shh signaling, raising the possibility that 
Shh also mediates the induction of Ollg1/2 expression 
in the dorsal neural tube. This does not appear to be 
the case, since data by Cai and coworkers show that 
dorsal oligodendrocytes are generated in the absence 
of Shh signal transduction in vivo (Cai et al., 2005). FGF 
has been shown to promote dig gene expression and 
oligodendrocyte differentiation in vitro (Chandran et al., 
2003; Kessaris et al., 2004), but such experiments are 
difficult to interpret, since the induction of oligodendro- 
cytes In response to FGFs In vitro has also been associ- 
ated with an erroneous verrtralization of progenitor cell 
identity (Gabay et al., 2003). To overcome this issue, 
we exposed isolated dorsal Pax7 + progenitors to an 
inhibitor of FGF receptor signaling, SU 5402 (Moham- 
mad) et al., 1997), and under these conditions we ob- 
served a complete block of Olig1/2 induction and oli- 
godendrocyte differentiation (data not shown). While 
additional in vivo experiments are necessary to deter- 
mine the precise role for BMP and FGF signaling in this 
process, these data indicate that a combination of FGF 
signaling and a progressive decrease in BMP activity 
overtime may underlie the late phase of oligodendrocyte 
specification in the dorsal half of the spinal cord. 

What is then the functional rationale of producing oli- 
godendrocytes at several DV positions? One possibility 
is that a single origin of oligodendrocyte specification 
is not sufficient to produce the number of oligodendro- 
cytes necessary to effectively insulate alt axons at a 
given axial level. An alternative possibility is that the 
production of dorsal and ventral oligodendrocytes is 
necessary due to the establishment of physical or mo- 
lecular barriers that hamper the migration of OLPs along 
the DV axis. Both these alternatives, however, appear 
to be unlikely since OLPs, once specified, are effectively 
propagated in a PDGF-dependent fashion outside of the 
VZ (Calver et a!., 1998), and both ventral and dorsal 
OLPs appear to be capable of freely migrating along the 
DV axis of the spinal cord (RowKch, 2004) (this study). 
The lack of Nkx2.2-expressing OLPs in Nkx6 mutants 
implies that ventralty and dorsally derived OLPs express 
distinct molecular properties, at least at prenatal stages 



of development An intriguing possibility, therefore, is 
that oligodendrocytes that are generated from distinct 
progenitor populations acquire distinct functional prop- 
erties. Analyses of Ofig1/2 function directly support that 
patterning along the DV axis controls the spatial specifi- 
cation of distinct glial cells, since the loss of oligoden- 
drocytes in the pMN domain in OIig1/2 mutants is asso- 
ciated with a concomitant gain of astrocytes (Zhou and 
Anderson, 2002). Also, in addition to the population of 
myelinating oligodendrocytes, certain oligodendrocytes 
have been shown to establish synapses with GABAergic 
intemeurons in the hippocampus (Lin and Bergles, 
2004). Clonal analyses in the postnatal forebrain have 
further revealed the presence of at least two types of 
OLPs, one that rapidly differentiates into myelinating 
oligodendrocytes and another that remains undifferenti- 
ated over extensive periods of time (Zertin et al., 2004). 
While the mechanism(s) that underlies these functional, 
or behavioral, differences among oligodendrocytes re- 
mains to be determined, it is feasible that such differ- 
ences wilt be related to the positional specification of 
oligodendrocytes along the DV axis of the neural tube. 

Opposing Requirements for Nkx6 Proteins 

for Oligodendrocyte Specification in the Ventral 

Spinal Cord and Hindbrain 

In addition to the identification of dorsally derived Olig2 + 
OLPs in the spinal cord and hindbrain, our study reveals 
a striking difference between the specification of oligo- 
dendrocytes in the ventral spinal cord and hindbrain. 
The activity of Nkx6 proteins Is required for the genera- 
tion of oligodendrocytes from the ventral progenitors in 
the spinal cord, white the same proteins instead sup- 
press oligodendrocyte production at anterior hindbrain 
levels (Figures 60 and 6Q). Our data indicate that this 
differential regulation reflects that oligodendrocytes de- 
rive from distinct ventral progenitor domains at these 
different axial levels. In the spinal cord, the pMN domain 
is located immediately dorsal to the Nkx2-2 + p3 progeni- 
tor domain (Briscoe et al., 1 999), and Nkx2.2 is an estab- 
lished repressor of OIIg2 expression at this level (Novitch 
et al., 2001). A common phenotype in the spinal cord 
and hindbrain of Nkx6 mutants Is that the domain of 
Nkx2.2 expression expands dorsally, revealing a genetic 
requirement for Islkx6 proteins to control the dorsal limit 
of Nkx2.2 expression. It Is conceivable, therefore, that 
a primary role of Mkx6 proteins in oJigodendrogenesis 
In the ventral spinal cord is to Indirectly ensure the main- 
tained expression of Olig1/2 through the suppression 
of Nkx2^. 

Our analysis indicates that, in contrast to the spinal 
cord, the ventral oligodendrocytes in the anterior hind- 
brain are generated from the Nkx2.2+ pMNv domain 
(Figures 61 and 6K) that at preceding stages has pro- 
duced visceral MNs and serotonergic projection neu- 
rons (Ericson et al., 1997; Pattyn et al., 2003a, 2003b). 
As a consequence, the dorsal expansion of Nkx2.2 ex- 
pression In the hindbrain of Nkx6 mutants results In an 
increased production of OLPs rather than a loss of these 
cells. It remains unclear how Nkx2.2 can promote Olig1/2 
expression In the hindbratn and why Nkx2.2 and OHgl/2 
are coexpressed in hindbrain progenitors but not in the 
mouse spinal cord. Nevertheless, the expression of 
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Nkx2.2 at anterior hindbrain levels shows a mutually 
exclusive relationship with the expression of Irx3 (Pattyn 
et al., 2003b), a HD protein also known to repress Ollg2 
expression in the spinal cord (Novttch et al., 2001). 
Nkx2.2 could therefore promote Olig1/2 expression, at 
least in part, through the exclusion of Irx3 expression 
in the ventral-most part of the hindbrain. 

Taken together, these data establish that oligoden- 
drocytes in the ventral spinal cord and hindbrain are 
generated from distinct ventral progenitor domains. Al- 
though the specification of ventral oligodendrocytes at 
different axial levels shows a similarity with respect to 
their dependence on Shh signaling (Alberta et al., 2001; 
Lu et ah, 2002) and requirement for OIig1/2, our analysis 
of Nkx6 mutant mice reveals crucial differences In the 
intrinsic programs that control Olig1/2 expression in the 
ventral spinal cord and hindbrain (Figures 6P and 6R). 
Considering that the loss of Nkx6 function has no signifi- 
cant influence on oligodendrocytes specified in dorsal 
positions of the spinal cord and hindbrain, it is apparent 
that also the upstream control of Olig1/2 expression 
in dorsal progenitors must be differently regulated as 
compared to their ventral counterparts. 

Experimental Procedures 
Mouse Mutants 

The generation and genotyping of Nkx6.1- and Nkx6.2-deficieot 
mice have previously been reported (Sander et al., 2000; Vallstedt 
et al., 2001). 

Neural Tube Exptant Cultures 

Rhombomeres 4-6 from hindbrains of E1 0.5 mouse embryos (CB57) 
were divided into ventral, Intermediate, and dorsal portions. Ex- 
plants were embedded In collagen (Cohesion Technologies) and 
cultured as previously described (Sussman et aU 2000), with the 
exception that 1% FBS was replaced with 1% KCR pnvitrogen). 
Spinal cords from E10.5 and El 2.5 mouse embryos (CB57) were 
divided into ventral and dorsal portions and cultured under same 
conditions. For assessments of FGF effects, 20 ng/ml FGF2 (In- 
vitrogen) was added to media. Functional blocking of FGF sfgnalng 
. was performed by adding 25 p.M S5402 (Catblochem) to the media. 
For assessments of BMP effects, 1 ng/ml BMP7 (R&D Systems) was 
added; blocking of BMP signaling was performed by adding 1 ug/hil 
Chord in and 1 ^g/ml Noggin (R&D Systems). 

ImrnunoHstochemlstry and In Situ 
Hybridization Histochemistry 

Immunohistochemical localization of proteins was performed as de- 
scribed (Briscoe et al, 2000). Antibodies used were as follows: rabbit 
(r), mouse (m), and guinea pfg (gp) OHg2 (Novitch et al., 2001), rat 
PDGFRa (PharMingen), m CM, rat MBP, r NG2 (Chemicon), m Pax7. 
m HB9, m Shh (DSHB), r Gsh1/2 (kind gift from Martin Gould Ing), m 
NeuN (Chemicon), r Nkx6.1, r Nkx2J2 (Briscoe et al, 2000). In situ 
hybridization histochemistry on sections or as whole mounts was 
performed (Scnaensn-Wierners and Gerftn-Moser, 1993) using mouse 
Otfgf, (Xg2, Sax 10, Dbx2 y Wo&2, Pwc3, Gsh1, and PDGFRa probes. 
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Summary 

In the developing spinal cord, early progenitor cells of 
the oligodendrocyte lineage are Induced In .the motor 
neuron progenitor (pMN) domain of the ventral neuro- 
epithelium by the ventral midline signal Sonic hedge' 
hog (Shh). The yen^lgeneratiortof oligodendrocytes 
requires A/A*6- regulated expression of the bHLH gene 
Olig2 in thus domain. In the absence of Nkx6 genes or 
Shh signaling, the Initial expression of Oiig2 In the 
pMN domain is completely abolished. In this study, we 
provide the in vivo evidence for a late phase of Qtlg 
gene expression independent of Nkx6 and Shh gene 
activities and reveal a brief se<^d wave of oligoden- 
drogenesis in the dorsal spinal cord f In addition, we 
provide genetic evidence that cfigodendrogenesls can 
occur in the absence of hedgehog receptor Smooth- 
ened, which is essential for all hedgehog signaling. 

Introduction 

The spinal cord has served as an excellent model for 
studying the origin and molecular specification of oligo- 
dendrocytes In the developing central nervous system 
(CNS). AHhough^ 

jn the ad ult spinal cord, recent finding 
that early progenitor of ^ 

induced from specfficloci of the vehtraJ neuroepithelm 
by trte ventre 

reviews, see Richardson et ah, 2000; Spassky et al., 
2000; Miller, 2002). Under the Influence of Shh morpho- 
gen, a number of transcription factors are selectively 
repressed (class I) or induced (class II) in the ventral 
neural progenitors (Briscoe et at, 2000), with each tran- 
scription factor having a different threshold response to 
the graded Shh signaling. As a result, these progenitor 
transcription factors display a nested pattern of expres- 
sion along the dorsal-ventral axis. Based on their differ- 
ential expression In the ventral spinal cord, the ventral 
neuroepithelium can be divided into five distinct do- 
mains (pO-p3 and motor neuron progenitor [pMN]}, with 
each domain expressing a unique combination of pro- 
genitor genes and producing a specific neuronal cell 

"Correspondence: mOqiuOOl ©toulavHle.ecJu 



type followed by either astrogliogenesis or oligodendro- 
genesis (Jesse! I, 2000; Zhou and Anderson, 2002). The 
pMN domain, which expresses Nkx6 homeodomain 
transcription factors (Qiu et aJ., 1998; Briscoe et al., 
2000; Vallstedt et aJ., 2001) and OUg bHLH transcription 
factors (Mizuguchi et aJ., 2001 ; Novitch et al., 2001), first 
produces motor neurons followed by oligodendrocyte 
precursor cells (OPCs) (Richardson et al., 1997; Sun 
et al., 1998; Fu et al., 2002} that subsequently migrate 
throughout the spinal cord before differentiating into 
myelinating oligodendrocytes. The sequential genera- 
tion of motor neurons and OPCs from the pMN domain 
requires the expression of Oligl and OZ/g2 transcription 
factors in this domain, and disruption of the OUg genes 
leads to the loss of both motor neurons and oligodendro- 
cytes In the spinal cord (Lu et al., 2002; Takebayashi et 
al., 2002; Zhou and Anderson, 2002). Based on these 
and other observations, it is believed that In the spinal 
cord, early OPCs originate from the pMN domain, and 
oligodendrocyte development is coupled to motor neu- 
ron development (Zhou et al., 2001 ; Lu et al., 2002; Zhou 
and Anderson, 2002). 

The possible contribution of dorsal neuroepithelium 
to oligodendrocyte development in the spinal cord has 
been under intensive investigation and considerable de- 
bate. In the developing chick embryos, some early trans- 
plantation studies suggested that oligodendrocytes 
were generated from both dorsal and ventral spinal cord 
(Cameron-Curry and Le Douarin, 1995). However, similar 
chick-quail grafting experiments argued that dorsal spi- 
nal neuroepithelial cells only produced astrocytes but 
not oligodendrocytes (Pringle et al., 1998). Recent stud- 
ies in rodents suggested that glial-restricted progenitor 
(GRP) cells, which can give rise in vitro to OPCs and 
astrocytes, could be derived from both dorsal and ven- 
tral spinal cords (Rao et al., 1998; Oregon et al., 2002). 
Moreover, In vitro culture of dorsal mouse spinal coral 
explants, like that of its ventral counterpart, can also 
produce OPCs, although with a significant delay. In the 
mean time, the intermediate region located between the 
dorsal and ventral expJants failed to generate OPCs in 
culture (Sussman et al., 2000), arguing against the possi- 
bility of dorsal invasion of OPCs from the ventral region. 
Together, these experiments indicated that the dorsal 
spinal neuroepithelial cells In mammals have an intrinsic 
and independent potential to produce oligodendrocytes 
under appropriate conditions. However, it is not known 
whether this potential is realized during the in vivo devel- 
opment of mouse spinal cord, as it has been argued 
that, in culture, neural progenitor cells may lose their 
positional cues and behave differently from in vivo in 
response to exogenous factors (Gabay et al., 2003; 
Stiles, 2003). For instance, bFGF can ventralize dorsal 
neural progenitor cells in vitro, resulting In an arbitrary 
induction Ollg2 expression and oligodendrocyte differ- 
entiation (Gabay et al., 2003; Chandran et al., 2003; Kes- 
saris et al., 2004). 

To investigate whether OPCs can be derived from the 
dorsal spinal cord In vivo, we examined oligodendrocyte 
development in Nkx6.1'*' NkxS.2r'- and Shh '- mutant 
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Figuro 1. Early Expression of Ofig2 n Various Wore Mutant Spinal Cords 

Transverse spinal cord sections from E10.5 (A-O) and E1Z0 (E-H) embryos of various Nkx genotypes were subjected to in srtu hybridization 
with Of/52 ribo probe. The Ofig2 expression in the pMN domain was regulated by the redundant activities of Nkx&1 and NkxSJ2 and was 
completely suppressed in Ntany- double mutants. 



spinal cords, in which the early ventral oligodendrogen- 
esis from the pMN domain Is abolished, so that the 
potential dorsal oligodendrogenesis could be unmasked. 
Our studies on oligodendrogenesis in Nkx6~ f ' double 
mutants and Shh~ f ~ mutants uncovered a transient pro- 
duction of OPCs in the dorsal spinal cord. The dorsal 
generation of OPCs was also observed in wild-type spi- 
nal cords and was confirmed by in vitro culture of dorsal 
spinal cord explants. Together, these observations sug- 
gest an Nkx- and Snn-independent mechanism for OUg 
gene expression in the dorsal spinal cord after neuro- 
genesis and provide evidence for a late phase of oligo- 
dendrogenesis independent of motor neuron develop* 
ment In the dorsal spinal cord. 

Results 

Nkx6 Dosage-Dependent OUg Gene Expression in 
the Ventral Ventricular Zone during Neurogenesis 
Previous studies have demonstrated that NkxS.1 and 
NkxG.2 have redundant functions in controlling motor 
neuron specification, with NkxS. 1 having a larger effect 
than Nkx6.2 (Vallstedt et al. f 2001). To examine the ef- 
fects of different levels of NkxB gene activity on oligoden- 
drocyte development in embryonic spinal cord, we first 
examined the early expression of Ofig2, the principal 
OUg gene responsible for motor neuron and oligoden- 
drocyte development (Lu et al. t 2002; Takebayashi et 
al., 2002), in the ventral spinal cords of various NkxB 
mutants prior to oligodendrogenesis stages. Consistent 
with the previous findings (Lu et al., 2000; Zhou et al., 
2000; Takebayashi et al., 2000), at E10.5 and E1 2.0, OUg 
2 was exclusively expressed in the pMN domain of the 
wild-type spinal cord (Figures 1A and IE). In heterozy- 
gous embryos {Nkx6.1* , ' t A/**6L2 +/ -, or Nkx6.1 +t ~ 
Nkx6.2 + '-) and Nkx6JT'- homozygous embryos, OUg2 



expression was not significantly affected (data not shown). 
In Nkx6.1+'~ Nkx6£-'- embryos, expression of OUg2 in 
the ventral ventricular zone was slightly decreased (Fig- 
ures 1B and IF). However, OUg2 expression was mark- 
edly reduced in Atfcx&r'" (Liu et a!., 2003) or Nkx6.1'~ 
NkxS.2^- embryos (Figures 1C and 1G) and completely 
eliminated In Aflbr6Lf-'- Nkx6.2~*~ (referred to as NkxS~ f ~ 
hereafter) compound mutants (Figures 1 D and 1 H). Col- 
lectively, these results indicated a dosage-dependent 
regulation of OIig2 expression in the ventral spinal cord 
by NkxS transcription factors, and its expression is 
largely dependent on Nkx6.1 activity but to a lesser 
extent on Nkx6.2 activity. 

Delayed and Dorsal Expression of OUg Genes 
in Nkx6~*- Spinal Cords during Gliogenesis 
To investigate whether the lack of OUg expression in the 
pMN domain leads to a complete inhibition of oligoden- 
drogenesis in the spinal cord, we examined OPC genera- 
tion and differentiation at progressively later stages of 
embryonic development in Nkx6~'- double mutants. At 
E13.5, many Oiigl +- and 0//g2+ OPCs had already mi- 
grated out of the ventral ventricular zone in wild-type 
spinal cords (Figures 2A and 2C). As expected, no migra- 
tory OlIg+ cells were observed outside the ventricular 
zone in Nkx6-*- mutants. Surprisingly, a small number 
ofOUg1+ andO//g2+ cells were detected in the mutants 
in both dorsal and ventral ventricular zone (Figures 2B 
and 2D). The ventral expression of OUg genes in Nkx6~'- 
mutants occurred at approximately the same position 
as the pMN domain. These data suggested a Nkx6- 
independent regulation of OUg gene expression in both 
the dorsal and ventral spinal cord during oligodendro- 
genesis stages. The dorsal expression of OUg genes in 
the mutants became more apparent at E14.5, when a 
small number of OUg1 + and 0Iig2+ OPCs started to 
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Figure 2. Late and Dorsal Expression of Otfg2 Gene In Nkx6~*~ Spinal Cords al the Thoracic Level 

Transverse sections from E13.5 (A-O), El 4.5 (E-H), El 53 (l-L>, and E18.5 (M-P) spinal cords of wild-type and AfltorfT'- embryos were subjected 
to in situ hybridization with riboprobes for Otig2 and Otfgl. At E133, OSgl and Oilg2 expression was upregulated in AftcrS'" double mutants 
in both dorsal (indicated by arrows) and ventral {indicated by the arrowheads) positions. At E1 4.5 and later stages, Ol/g1+ and 0lig2+ cells 
migrated into the surrounding regions in a dorsal to ventral gradient, in contrast to that seen in the wild-type spinal cords. The positions of 
dorsal-derived Otig+ cells In E14.5 wBd-type spinal cord are outlined by a square bracket in (E) and (Q). 



migrate away from the dorsal ventricular zone (Figures 
2F and 2H). Interestingly, very few migratory OPCs were 
produced from the O/Zg-expressing ventral ventricular 
zone of the mutant spinal cord. Thus, a vast majority of 
Ofig+ OPC cells in NkxS~ f ~ mutants appeared to origi- 
nate from the dorsal ventricular zone. At this stage, a 
distinct population of Oiigl + and Ofig2+ cells were also 
closely associated with the dorsal ventricular or subvert- 
tricular zone of the wild-type spinal cords (Figures 2E 
and 2G), and there was an apparent discontinuity be- 
tween this group of Qtig+ celts and the ventral-derived 
Olig+ cells (more apparent in Figures 5A, 51, 8C, and 
8E). Together, these observations suggest that a small 
number of Otig+ OPCs are produced from the dorsal 
neuroepithelial cells In both normal and Nkx6''~ spinal 
cords. 

At E1 5.5, the number of Olig1/2+ cells In Nkx6'*~ mu- 
tants was further increased, but most of them remained 



confined to the dorsal spinal cords {Figures 2J and 2L). 
In contrast a higher percentage (55%) of Olig 1/2+ OPCs 
were found fn the ventral half of wfld-type spinal cord 
(Figures 21 and 2K), and they were presumably derived 
from the ventral neuroepithelial cells. By E1 8.5, Olig1/2+ 
cells were distributed more or less evenly throughout 
the entire spinal cord in Nkx6~ f ~ mutants (Figures 2N 
and 2P), suggesting that the dorsal-derived Ofig + OPCs 
in NkxS-'- mutants migrated progressively from the dor- 
sal to the ventral spinal cord. However, the number of 
0//g+ cells remained significantly smaller than that in 
wild-type embryos (Figures 2M and 20; Figure 3Q). 

Delayed Appearance of Other Oligodendrocyte 
Markers in Nkx6~'- Mutants 

One critical issue for the dorsal-derived OZ/g+ cells is 
whether they are capable of differentiating further along 
the oligodendrocyte lineage. To address this question, 
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Figure 3. Delayed and Reduced Production of PDQFRa+ and Sox10+ OPCs in NkxC*' Mutant Spina) Cords 

(A-L) Spinal cord sections from El 3.5 (A-D), El 5,5 (E-H), and El 8.5 (H-) wHd-type and mutant embryos were subjected to in situ hybridization 
with PDGFRa or SoxlO riboprobes. A smaller number of PDGFRa-*- and SoxlO* ceRs started to emerge in E1 &5 Nkx6~*' spinal cords. 
(M-P) Double fanmunostaining of E18.5 wad-type and mutant spinal cord with Qtig2 (green) and PDGFRa fJM] and [N], rod) or SaxtO (TO] and 
[P],red). 

(Q) The number of CMig5+ single-positive OPCs and Ofig2+/PDGFR*+ or Oiig2+/Sox10+ double-positive cells per spina] cord section In 
E18.5 wild-type or Nkx6~'~ mutants (average of three sections). 

(R) The percentage of Otfg2+ ceRs that coexpress PDGFRa or SoxlO si E18-6 wild-type or Nkx6 f - mutants. Statistical analyses in (Q) and 
(R) were performed with Student's t test 



we examined the expression of several ollgodendrocytic 
markers (e.g., PDGFRa, SoxlO, and MBF) downstream 
of Ofig1/2 in Nkx6~'- spina) cords. In wild-type spinal 
cords, expression of PDGFRa and SoxlO Is restricted 



to oligodendrocyte lineage (Pringle et a/., 1992; Stolt et 
aU 2002} and can be detected fn the ventral spinal cord 
at El 3.5, whereas their expression In Nkx6~'- mutants 
was not observed until E1 8.5 (Figures 3A-3L), indicating 
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Rgure 4. Disrupted Expression of MBP and PLP in NkxG-*" Mutant 
Spfeiai Cords 

(A-O) Spinal cord sections were prepared from E1 8.5 wild-type (A 
and C) and mutant (B and 0) animals and hybridized wfth MBP (A 
and B) and PLP (C and D) riboprobes. 

(E-H) Spinal cord exptants isolated from E1 3.5 wad-type and NfaG-'- 
embryos were cultured on floating membranes for 8 days before 
they were subjected to antMfBP whole-mount immunostafning. (Q) 
and (H) are higher magnifications of (E) and (F), respectively, showing 
MBP+ myelinating axons. 



a significant delay of OPC differentiation. Double immu- 
nostaining at this stage confirmed that a high percent- 
age of 0//g2+ cells in Nkx6 mutants coexpressed 
PDGFRa and SaxW (Figures 3M-3P and 3R), although 
the total number of OHg2+/PDGFR<x+ and ORg2+f 
Sox10+ cells per spinal cord section remained signifi- 
cantly smaller (Figure 3Q). Similarly, expression of the 
mature oligodendrocyte markers MBP and PLP in mu- 
tant spinal cords was also affected. In normal embryos, 
many MBP + /PLP + oligodendrocytes were seen in the 
ventral spinal cord at E18.5 {Figures 4A and 4C). How- 
ever, no MBP+/PLP+ cells were detected in Nkx6~'~ 
mutants at this stage (Figures 4B and 4D). Together, 
these results suggest that the dorsal-derived Otig+ cells 
in Nkx6~ 1 ' spinal cords can progress along the oligoden- 
drocyte lineage, but they develop and mature much 
more slowly than the earty-bom ventral OPCs. 
To assess whether dorsal-derived OPCs in Nkx6~ J - 



mutants are capable of differentiating into mature oligo- 
dendrocytes in vitro, we isolated spinal cord explants 
from £13.5 wild-type and mutant embryos and cultured 
them on floating membranes. Following 8 days of cul- 
ture, a small number of MBP+ cells started to emerge 
in mutant tissues (Figures 4E and 4F). Moreover, MBP+ 
fibers, indicators of myelinating axons, were observed 
In the axon-enriched medial (ventral) regions of both 
normal and mutant explants (Figures 4G and 4H). These 
results suggest that the dorsal-derived OPCs in Nkx6''~ 
mutants are capable of differentiating into MBP+ 
mature oligodendrocytes and form myelin sheaths, at 
least In vitro. 

Olig+ OPCs Are Briefly Produced from the Dorsal 
Neuroepithelial Cells and Transiently Coexpress 
Some Dorsal Neural Progenitor Markers 
To verify the dorsal origin of a subset of Q//g+ OPCs In 
both normal and Nkx6~*~ spinal cords, sections from 
E14.5 embryos were subjected to double Imrnunostain- 
ing with antibodies against OfigZ and two dorsal neural 
progenitor markers, Pax7 and Mashl . During neurogen- 
esis and early gliogenesis, Pax7 is expressed in the 
entire dorsal verrtricular zone of the spinal cord (Goulding 
et at., 1993), whereas Mashl expression in the dorsal 
spinal cord is restricted to the dorsal interneuron pro- 
genitor domains dl3-d!5 (Gross et al., 2002; Muller et 
ah, 2002; Caspary and Anderson, 2003). Double immu- 
nostaining revealed that a subpopuiatton of 0//g2+ ceils 
was closely associated with the Pax7+ and Mashl + 
dorsal neuroepithelial celts in both genotypes (Figures 
5A-5J). Moreover, a small number of migratory OZ/g2+ 
cells in the dorsal ventricular zone or immediately adja- 
cent regions coexpressed Pax 7 and Mashl (arrows in 
Figures 5B-5D and 5F-6H; insets in Figures 51 and 6J)- 
These colabeling data strongly suggested that some 
Oiig2+ cells arose from the d)3-dl5 domains of dorsal 
neural progenitor cells in both normal and Nkx6~'- spinal 
cords and that the dorsal-derived Otig2+ cells retained 
the expression of dorsal markers Pax 7 and Mashl for 
a brief period of time. Although only about 8% of 0//g2+ 
cells were alsoPax7+ In E1 4.5 wild-type spinal cord, this 
may be an underestimate of the percentage of dorsal- 
derived OPC population due to the rapid downregulatlon 
of Pax7 after they migrate away Into the surrounding 
region. Intriguingly, the total number of Otig2+/Pax7+ 
and Otig2+ /Mashl + cells in Nkx6-'~ double mutants 
was significantly larger than that In normal embryos (Fig- 
ure SM). One plausible explanation is that the dorsal- 
derived OUg2+ cells In mutant spinal cords proliferated 
more rapidly, possibly due to the lack of competition 
from the ventral-derived OPCs for mitogens. Alterna- 
tively, expression of Pax7 and Mashl in dorsal-derived 
OPCs may be downregulated more slowly in Nkx6 mu- 
tants. 

To confirm our mapping of the origin of dorsal OPCs, 
we also compared the expression of Ollg2 with that 
of two other neural progenitor genes, Dbx1 and 06x2. 
Previous studies have shown that Dbxl is expressed 
in the dorsal-ventral boundary of the embryonic spinal 
cord, whereas Dbx2 Is expressed in the d!6 domain of 
the dorsal spinal cord and the pO and pi domains of 
the ventral spinal cord (Briscoe et al., 2000; Caspary 
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ngure 5. Otig+ Cells Originated from Pax7+ and Mash1+ but Dbx- Dorsal Intemeuron Progenitor Domains 

(A-H) Coexpresstan of Pax7 and OUg2 In the dorsal spinal cord. E14.5 spinal cord sections from wild-type (A-D) and Nkx6~*' (E-H) embryos 
were simultaneously immunostained with antibodies against OUg2 (In green) and Pax7 Cm red). {BHD) and (FHH) are the higher magnifications 
of the boxed areas fn (A) and (E), respectively. In both genotypes, a group of OUg2+ cells were produced from the Pax7+ dorsal ventricular 
zone, and some of the Oiig2+ cells retained the expression o1Pax7 (represented by arrows in [BJ-fD] and (FJ-tHfl. 

0-1) El 4.5 wad-type and Aftx6~'- spinal cord sections were double immunostained with arrtf-0/rg2 and anti-Mash r antibodies 0 and J), or 
subject to in situ hybridization with Dbx2 riboprobe followed by ant\-Olig2 Imrminohistochemistry (K and L). The Otig2+fMash1+ double- 
positive cells are represented in insets In (I) and (J). The dorsal-derived Olig2+ cells in (K) and (L) are outlined by a square bracket. 
(M) Statistical analyses (Student's t test) of Olig2+fPax7+ and Otig2+/Mash1 + double-positive cells in wild-type and Nkx6-'~ mutants 
per section. 



and Anderson, 2)03). Double labeling of E14.5 spinal 
cord sections demonstrated that the dorsal Otig2+ cells 
lay immediately dorsal to Dbx2 expression (Figures 5K 
and 5L) but well above Dbx1 expression (data not 
shown), indicating that the dorsal Olig2+ cells were de- 
rived from regions above the dl6 domain. This result is 
consistent with the Idea that dorsal Olig2+ cells are 
primarily derived from the Mash1+ dl3~dl5 dorsal 
Intemeuron progenitor cells. 

To further confirm that the dorsal spinal cord has an 
Independent potential to generate OPCs, we dissected 
the dorsal and ventral halves of spinal cord from E1 1.5 
mouse embryos and cultured them separately In colla- 
gen gel or on floating membranes in the absence of 
exogenous bFGF, which is known to induce Olig2 ex- 



pression in cultured dorsal neural progenitor cells (Ga- 
bay et al. v 2003; Chandran et al., 2003). In E1 1 .5 mouse 
spinal cord, OPCs were not produced from the pMN 
domain yet (Figures 6A and 6B), excluding the possibility 
of dorsal invasion of ventral OPCs. Following 3 days of 
in vitro culture (equivalent to E14-5), a small number of 
Ofig2+ cells started to emerge from the dorsal explants 
and coexpressed Pax7 (Figure 6C). Expression of later 
OPC markers PDGFRa and NG2 in dorsal explants was 
seen after 4-6 days of culture, and that of mature mark- 
ers GalC and MBP was seen after 6-8 days of culture 
in vitro (Figures 6E-6L). Together, these data indicated 
that the dorsal spinal cord explants have an intrinsic 
potential to produce OPCs, and the schedule of OPC 
generation and differentiation in dorsal expfant culture 



APR 14 2005 11:21 FR CISTI ICIST 



613 952 9303 TO 17188899320 



P. 09/15 



Dorsal Oligodendrogenesls In NkxB and Shh Mutants 
47 




Figure 6. Generation of Oligodendrocytes from 
Dorsal Spinal Card Expiant Culture 
Mouse E11.5 spinal cord tissues isolated 
from the thoracic level were bisected into 
dorsal and ventral halves and cultured sepa- 
rately in collagen gel (A-J) or on floating mem- 
brane (K and L) for various days in vitro (DfV) 
as indicated. Explants were then subject to 
immunoftuorescent staining with antibodies 
or in situ hybridization with MBP. 
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is similar to that in vivo. In agreement with previous 
findings (Gabay et al., 2003; Chandrari et ah, 2003), addi- 
tion of exogenous bFGF dramatically increased the 
number of Otig2+ OPCs in both dorsal and ventral ex- 
plants (data not shown). 

Generation of Dorsal OPCs in the Absence 
of Shh Signaling 

The generation of OPCs in the dorsal spinal cord sug- 
gests a Sn/Mndependent pathway for oligodendrogen- 
esls, since eel! fate specification in the dorsal spinal 
cord is primarily regulated by dorsal midline signals, 
notably BMPs (Dickinson et al. t 1 995; Uem et aK, 1 995). 
To test the possibility, we examined whether OPCs* pro- 
duction from dorsal explants can be blocked by arrti- 
Shh antibody. In contrast to the previous finding that 
Shh was partially required for 04 expression in dorsal 
explants (Sussman et al., 2000), we found that anti-S/ih 
antibody had no apparent effect on Otig2 gene expres- 
sion in dorsal explants, although it dramatically inhibited 
Otig2 expression in the ventral explants {Figures 7A-7D). 
To provide genetic evidence that oligodendrogenesis 
can occur independent of hedgehog signaling, we differ- 
entiated ES (embryonic stem) cells deficient in pan- 
hedgehog signaling component Smoothened [Smo~'~; 
Wijgerdo et al„ 2002) in the presence of retinoid acid 
and found that GaIC+ oligodendrocytes were formed 



from both normal and Smo f - mutant ES cells at a com- 
parable efficiency (Figures 7E and 7F). 

We next examined oligodendrocyte development in 
Shh~'- mutant spinal cord to confirm that Shh signaling 
is not responsible for dorsal oligodendrogenesis in vivo. 
In Shh-*" mutants, the spinal cord is dorsaiized, and 
most of the ventral structures Including the pMN do- 
mains are missing (Chiang et al., 1996; Pierani et al., 
1999). Consistent with some earlier findings that Shh is 
required for ventral oligodendrogenesis (Lu et al., 2000; 
Alberta et al. ( 2001), no early 0//g?/2+ OPCs were pro- 
duced In Shh mutant spinal cords at or before El 3.5 
(Figures 8A and 8B; data not shown). However, at E1 4.5, 
a small number of OZ/g7+ and 0//g2+ cells started to 
appear in the dorsal region of the mutant spinal cords 
(Figures 8D and 8F). By E1 8.5, a larger number of OZ/g2+ 
cells were observed throughout the mutant spinal cord 
(Figure 8H). 

Similar to our data in A/tocS - ' - mutants, oligodendro- 
cyte lineage progression in Shh null spinal cord was 
also delayed. Expression of PDGFR and Sox 10 was not 
detected until El 8.5 (Figures 8I-8L), and no MBP expres- 
sion was observed at perinatal stages (Figures 8M and 
8N). However, when spinal cord explants isolated from 
E18.5 mutant embryos were cultured in vitro for 2 addi- 
tional days, a small number of MBP± cells started to 
emerge in mutant tissues (Figures 80 and 8P), indicating 
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Figure 7. SferMndependent Generation of Oligodendrocytes in Spinal Exptants and ES CeBs 

(A-D) Inhibition of Otfg gene expression by anti-Sfih antibody in ventral exptants but not in dorsal exptants. Dorsal and ventral spinal cord 
exptants from E11.5 wild-type embryos were cultured in cofiagen geJ for 3 days in the absence (A and B) or presence (C and D) of anti-Shh 
antibody prior to Brnrnunostaining with anti-OUg2. 

(E and F) Differentiation of wild-type (E) and Smo -/ ~ (F) ES ceSs into GalC+ o&godendrocytes. 



that the dorsal-derived OPCs in Shh mutants are able 
to differentiate into MBP+ mature oligodendrocytes 
as well. 

Discussion 

This study reveals an NkxB- and Sft/Hndependent mech- 
anism for a late phase of OHg gene expression in the 
dorsal spinal cord after the onset of early ojigodendror 
genesis from the pMN domain (Rgure 9). 1^ 
gene expression is associated with ^ 
dendro^ert^is^m^ 
provide eviderrce for 

invoMng distiri^ cord 
deyelc^merit- 

rVxx6-lndependent Mechanisms for Oltg Gene 
Expression and OUgodendrogenesis 
in the Spinal Cord 

Previous work had demonstrated that NkxB.1 and 
NkxS.2 have redundant functions in controlling motor 
neuron specification in the spinal cord (Vallstedt et a!., 
2001). Consistent with this line of study, our findings 
indicate that rVfor&f and NkxB.2 have redundant activi- 
ties in regulating the early expression of Olig2 in the 
pMN domain, with Nkx6. 1 exerting a larger effect than 
Nkx&2 (Figure 1). In the absence of both NkxG.1 and 
Nkx6.2, the initial expression of OHg 2 in the pMN domain 
is completely abolished. In keeping with the idea that 
early progenitors of the oligodendrocyte lineage are de- 
rived from the 0Iig2+ pMN domain of the ventral spinal 
cord, the loss of OUg2 expression in the pMN domain 
in Nkx6~ f - mutants was associated with the failure of 
production of early OPC cells from the ventral spinal 
cord (Figure 2). 

Despite the lack of early expression of Oligl in the 



pMN domain in Nkx6~ f ~ mutants, a low level of Oligl 
and 0lig2 expression started to be detected in both the 
ventral and dorsal ventricular zone after the onset of 
oligodendrogenesis (Figure 2). In the dorsal spinal cord, 
Ofig gene expression was detected In Pax7+/Mash1+ 
dl3-dl5 dorsal neural progenitor domains starting at 
E13.5 (Figures 2 and 5). In the ventral spinal cord, a 
small number of ventral ventricular cells started to ex- 
press Oligl and OHg2 genes at approximately the same 
position as the pMN domain (Figures 2B and 2D). To- 
gether, these results indicate an rVfcx6-independent reg- 
ulation of Oiig gene expression in both the dorsal and 
ventral spinal cord. The late phase of Ofig gene expres- 
sion in the dorsal spinal neuroeprthelium was also ob- 
served In wild-type spinal cord, mostly at E14.5 (Figures 
5 and 8) but occasionally at E13.5 (data not shown). 
Thus, the dorsal ventricular Oiig2 expression appeared 
to be slightly advanced or enhanced in Nkx6 mutants. 
This enhancement might partially account for the in- 
creased population of OUg2+/Pax7+ cells in the mu- 
tants. Interestingly, no Ofig expression was observed 
in E13.5 Shh mutants (Figure 8), suggesting that the 
premature or enhanced dorsal ventricular Oiig expres- 
sion was not simply due to the loss of ventral patterning, 
but more specifically associated with the absence of 
Nkx6 gene expression. 

The dorsal Ofig gene expression was associated with 
a transient production of OPCs starting at around E1 4.5, 
about 2 days later than the ventral oligodendrogenesis 
from the pMN domain (Figure 9B). In both wild-type and 
NkxQ-'- spinal cords, migratory Otig1/2+ OPCs were 
briefly produced from the dorsal neural progenitor cells. 
Several lines of evidence strongly suggest that these 
OPC cells are generated de novo from the dorsal ventric- 
ular cells, instead of having migrated up from the ventral 
cord. First, many dorsal Otig2+ cells coexpressed sev- 
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Figure 8. Oligodendrocyte Development in Shh Mutant Spinal Cord 

(Ar-H) Dorsal generation of OUg1f2+ OPC cells in Shh mutant spinal cords. Spinal cord sections from El 3.5 (A and B). El 4.5 (C-F), and E1&5 
(G and H) wild-type (A. C. E, and G) or Shh~ f ~ <B. D, F, and H) embryos were subjected to in sftu hybridization (1SH) with CM/gT (A-D) and Ofig2 
(E-H) ribo probes. At E13.5, Otig+ OPCs were generated from the ventral neuroepttheUum In wild-type embryos but not in Shh mutants. At 
E14.5, a small group of Ofig1+ and Gffg2+ ceBs were associated with the dorsal neuroepftheJtum In both wild-type and Shh mutants. Dorsal 
Ofig+ cells are outfried by a square bracket in (C) and (E). 

(I-N) Distribution and differentiation of OPC cells In Shh mutant spinal cords. (MO) Expression of PDGFRa. (I and J), SoxlO (K and L}> and MBP 
(M and N) in E18.5 wild-type p, K, and M) and Shh mutant (J, L, and N) spinal cords. Offg2 +/PDGFRa + and Of1g2+/Sox10+ cells n mutants 
are represented in Insets (JO and (L r ), respectively. 

{O and P) Spinal cord tissues from El 8.5 wffd-type and Shh mutant embryos were Isolated and cultured on polycarbonate membranes for 2 
days in vitro and then subjected to whole-mount ISH with the MBP probe. A small number of MBP+ cells emerged In the mutant tissue. 



eral dorsal neural progenitor genes such as Pax7 and 
Mashl (Figure 5). Second, dorsal neural explants iso- 
lated from E1 1 .5 spinal cord prior to ventral oligodendro- 
genesls can give rise to OPCs and oligodendrocytes 
on schedule as in vivo (Figure 6). Third, dorsal OUg2 
expression In NkxS mutants was no later than its ventral 
expression. At E13.5 and E14.5, there was an apparent 
discontinuity of dorsal QItg2+ cells and ventral Otig2+ 
cells in the mutants (Figures 2B, 2D, 5E, and 5J), and 
the number of 0Iig2+ cells in E14.5 dorsal half far ex- 
ceeded that of ventral Otig2+ cells, arguing against the 
dorsal migration of Olig2+ cells at least at these early 
stages. However, it is plausible that some ventral Olig2+ 
cells could migrate dorsalty after E14.5 and contribute 
to the dorsal OPC population. Finally, OPCs can be 
produced from the dorsal region of Shh mutant spinal 
cord, which lacks the pMN domain (Pierani at aJ., 1999) 
and presumably the ventral oligodendrogenesis (Figure 
8), although we can not absolutely exclude the possibil- 



ity that a few 0//g+ cells could also be generated from 
the remaining pO and p1 domains in the most ventral 
region (Pierani et al., 1999). Together, these observa- 
tions indicate that dorsal 0//g2+ cells can be produced 
locally from the dorsal neuroepithelial cells in normal 
and Nkx6fShh mutant spinal cords. Since the dorsal 
Olig2+/Pax7+/Mash+ OPCs were observed in the tho- 
racic or even more caudal regions (data not shown), it Is 
unlikely that they represent the longitudinally migrating 
ceils from the rostral hindbrain. 

Similar to the early ventral OPCs, the dorsal-derived 
Olig+ OPCs are capable of migration, proliferation, and 
differentiation along the oligodendrocytic lineage after 
they migrate out of the germinal zone. The delayed ap- 
pearance of PDGFRa + and Sox70+ OPCs in the Nkx6' $ ~ 
and Shh'*' mutants indicated that the late-bom dorsal 
OPCs develop and differentiate much later than the 
early-bom ventral oligodendrocytes. Although no MBR 
and PLP expression was observed in both mutants at 
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Figure 9. Proposed Origins and Molecular 
Specification of Oligodendrocytes in the Spi- 
nal Cord 

(A) Proposed oligodendrocyte development 
In Nkx6~ f ~ and Srtfr'- mutant spinal cords. In 
the wfld-type, a vast majority of OPCs are 
derived from the ventral pMN domain. A sub- 
population of OPCs is also generated from 
the dorsal di3~d15 domains independent of 
ASbr6 and Shh activities. The arrows represent 
the possible migration directions. 

(B) Time schedule of lineage progression for 
both dorsal- and ventral -derived OPCs. The 
generation of dorsal OPCs is about 2 days 
later than that of ventral OPCs. In general, 
there is a parallel delay in dorsal OPC genera- 
tion and their differentiation. 

(C) Proposed molecular pathways for dorsal 
and ventral ofigodendrogenesis. Shh and 
BMP& are known to be the major kxiucer and 
repressor of ofigodendrogenesis, respectively. 
In the ventral spinal cord, OPCs are gener- 
ated in a S/i/j/Wtoc6-dependent mechanism. 
Repression of BMP signaling by the noto- 
chord-derived Noggin may also contribute to 
ventral oligodendrogenesis. tnthe dorsal spi- 
nal cord, OPCs are generated independent 
of the ShhJNkxB pathway and may result from 
a combination of FQFs and progressive loss 
of BMP Inhibition overtime. 



E18.5, OPCs in both mutants could mature into MBP+ 
oligodendrocytes (Figures 4F and 8P) or even myelinate 
axons (Figure 4H) if they were allowed to develop further 
in vitro. Consistently, OPCs generated in the dorsal ex- 
plants of normal embryos could also differentiate into 
mature oligodendrocytes (Figure 6). In general, there 
appears to be a parallel delay of OPC generation and 
their terminal differentiation as observed in other genetic 
mutants (Ql et al., 2003; Liu et ah, 2003). 

A Sh/i -Independent Pathway 

for Oligodendrogenesis 

in the Developing Spinal Cord 

Earty studies demonstrated that blockade of Shh signal- 
ing can inhibit oligodendrogenesis both in vivo and 
in vitro (Orentas et al., 1999; Davles and Miller, 2001; 
Tekki-Kessaris et al., 2001). Thus, It has been believed 
that Shh signaling is required for the development of 
oligodendrocytes in the entire CNS. However, the obser- 
vations that OPCs can be produced from dorsal spinal 
cord explants in the presence of anti-SWi antibody (Fig- 
ure 7) or from dissociated dorsal neural progenitor cells 
in the presence of bFGF and cyclopamine (Chandran et 
al., 2003; Kessaris et al., 2004) have suggested a Shh- 
independent pathway foroligodendrogenesls. However, 
the efficiency and specificity of the antibody and cyclo- 
pamine inhibition could potentially lead to alternative 
explanations. Our observation that GalC+ oligodendro- 
cytes can develop from Smo~ /_ mutant ES cells provides 
unambiguous genetic evidence that oligodendrogen- 
esis can occur in the absence of hedgehog signaling 
(Figure 7), at least in vitro. 

Despite the in vitro data for SW>- independent oligoden- 
drogenesis, there has been no evidence that this phe- 
nomenon can be applied to in vivo development. Our 



findings that OPCs are generated from SWr' - spinaJ 
cord provide the missing link that S/tn-independent oli- 
godendrogenesis also occurs during spinal cord devel- 
opment as well. In the absence of Shh signaling, 
Olig1/2+ OPCs were still generated on schedule (at 
E14.5) as in the wild-type dorsal spinal cord. Although 
we can not formally exclude the possibility that the 
hedgehog signaling In Sn/r'~ mutants could be compen- 
sated by the upregulation of expression of other hedge- 
hog members such as Indian hedgehog (Ihh) or Desert 
hedgehog 0hh), we do not favor this possibility, as 
we failed to detect by In situ hybridization (ISM) the 
expression of ihh or Dhh in either wild-type or Shh mu- 
tant spinal cords around the onset of dorsal oligoden- 
drogenesis (data not shown). 

The signaling mechanism underlying the Sn/Hnde- 
pendent late phase of dorsal oligodendrogenesis in the 
spinal cord is uncertain at this stage. Since bFGF can 
induce oligodendrocytes in dissociated dorsal neural 
progenitor cells (Gabay et a!., 2003) independent of Shh 
signaling (Chandran et al., 2003; Kessaris et al. t 2004) 
and in dorsal explants (our unpublished data), It is con- 
ceivable that FGF signaling may be partially responsible 
for the late production of OPCs in the dorsal spinal cord 
(Figure 9C). In addition, the progressive reduction of 
BMP signaling over time may also contribute to dorsal 
oligodendrogenesis. ft is known that BMP can antago- 
nize S/>h -induced oligodendrocyte specification, and 
experimental inhibition of BMP signaling is sufficient 
to induce oligodendrocyte production both in vivo and 
in vitro (MekW-Dauriac et al.. 2002; Miller et al., 2004; 
Vallstedt et al., 2005 [this issue of Neuron)]. Future stud- 
ies on the expression and function of various FGF and 
BMP molecules and their receptors will be needed to 
determine their possible in vivo roles in the late phase of 
oligodendrogenesis in the dorsal neural progenitor cells. 
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Multiple Origins and Phases of OGgodendrogenesfs 
in the Developing Spinal Cord 

It is generally accepted that early OPCs are induced from 
the pMN domain of ventral spinal cord by the Shh signal 
(Poncet et al., 1996; Pringte et al M 1996; Orentas et aL, 
1999) and that oligodendrocyte development is coupled 
to motor neuron development (Richardson et aL. 2000; Lu 
et af. f 2002; Zhou and Anderson, 2002). However, our data 
in Nkx6~'- and Shh~'~ mutants and in wild-type embryos 
as well have provided strong evidence that a subset of 
OPCs originate from the dorsal spinal cord independent 
of motor neuron development at later stages of oligoden- 
drogenesis. Therefore, there are multiple origins of, and 
distinct inductive mechanisms for, OPC production In the 
developing mammalian spinal cord. Based on these ob- 
servations, we propose that there are two phases of Otig 
gene expression during normal spinal cord development, 
the Sh/)/Nfcx6-dependent earfy phase of dig expression 
and oligodendrogenesis in the pMN domain and the Shh/ 
A£fcx6-independent late phase of Olig expression and oli- 
godendrogenesis in the dorsal spinal cord (Figures 9A 
and 9B). 

The dorsal oligodendrogenesis in mouse spinal cord 
has long been unnoticed, because the production of 
OPC cells from the dorsal spinal cord is both late and 
transient (at around E14.5) as compared to the early 
OPC production (E1 2.5) from the ventral spinal cord. By 
the time OPCs are being generated from the dorsal spi- 
nal cord, a large number of ventral-derived OPCs have 
already invaded Into the dorsal spinal cord and thus 
mask the existence of the late-bom dorsal OPCs. Only 
in mutants (e.g., rVAx6"' _ and S/i/r'*) in which the ventral 
oligodendrogenesis from the pMN domain is inhibited 
or greatly compromised can the dorsal generation of 
OPCs be uncovered. 

Experimental Procedures 
Genotyping of Mot€ Mutant Mice 

The Nkx6>1 and Aftx6L2 homozygous null embryos were obtained 
by the interbreeding of double heterozygous animals. Genomic DNA 
extracted from embryonic tissues or mouse taSs was used for geno- 
typing by Southern analysis or by PGR. Genotyping of Nkx6.1 and 
Nkx6j2 loci was described in Sander et al. (2000} and Cal et at 
(2001), respectively. Genotyping of Shh mutant mtae was carried 
out according to Chiang et al. (1996). 

m Situ RNA Hybridization 

and Immunohsstochemieal Staining 

Spinal cord tissues at the thoracic level were isolated from El 0.5 
to E1&5 mouse embryos and then fixed in 4% paraformaldehyde 
at 4°C overnight. Following fixation, tissues were transferred to 20% 
sucrose in PBS overnight, embedded in OCT media, and then sec- 
tioned (20 ium thickness) on a cryostaL Adjacent sections from the 
wild-type and mutant embryos were subsequently subjected to ISH 
or Immunofluorescent staining. ISH was performed as described in 
Schaeren-Wiemers and Geriin-Moser (1 993) with minor modifica- 
tions, and the detailed protocol is available upon request Double 
immunofluorescent procedures were previously described in Xu et 
a). (2000). For the combination of ISH and immunohlstochernistry, 
sections were first subject to ISH with Dbx2 riboprobe, rinsed several 
times with PBS followed by Immunohistochemical staining with anti- 
OUg2. Anti-Pwc7 (1 :50 DSHB), anti-Mashl (1:200), antl-NG2 fl :1 500), 
anti-PDGFnu (1:300), anti-MBP (1 :5000), and antt-GalC (1:50) were 
obtained from commercial sources. Antt-Ofig2 (1:3000) and anti- 
SoxlO (1:3000) polyclonal antibodies were generously provided by 
Drs. Chuck StBes and Michael Wegner. 
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Spinal Cord Explant Culture 

Segments of spinal cord tissues were Isolated from El 1.5, El 3.5, 
or El 8.5 embryos at the thoracic region and grown either In collagen 
gel or on 8.0 |un nudeopore polycarbonate membranes (Costar) 
floating on culture medium (DM EM + N2 supplement + 30 ng/ml 
T3 + 40 ng/ml T4 + 1 mg/ml BSA + 0.5% FBS + Pen-Strep). In our 
experience, the inclusion of a small amount of FBS In culture medium 
made cells healthier and did not appear to significantly affect oligo- 
dendrocyte development In explant culture as compared to no se- 
rum (data not shown), although serum was shown to inhabit OPC 
differentiation (Raff et al., 1983). For anti-Shh antibody treatment 
5E1 supernatant (1:3 DSHB) was added to culture medium. Follow- 
ing various days of culture in vitro, exptants were then fixed in 4% 
PFA and processed for immunofluorescent staining (Xu et aL, 2000) 
or whole-mount in s'rtu RNA hybridization with MBP riboprobe, as 
described in Cai et al. (1999). 

Culture and Dif fe re n tiation of Embryonic Stem Cells 
Normal and Smo - ^ ES cells were maintained on MEF feeder cells 
in ES medium with UF. During differentiation, ES cells were dissoci- 
ated and grown on nonadherent petri dishes for 2 days in the ab- 
sence of LIF and 4 additional days in 5 m-M retlnoic acid to generate 
embryoid bodies (EB). Following 10 days of suspension culture, 
EBs were try ps inked with trypsfn/EDTA, and cells were plated on 
taminin -coated cover slips and cultured for 1 5 days prior to ■nmuno- 
nuorescent staining with antl-GaJC antibody. 
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SUMMARY 

The postnatal central nervous system (CSS) contains many 
scattered cells that express fibroblast growth factor 
receptor 3 transcripts (Fgfr3). They first appear in the 
ventricular zone (VZ) of the embryonic spinal cord in mid- 
gestation and then distribute into both grey and white 
matter - suggesting that they are glial cells, not neurones. 
The Fgfr3+ cells are interspersed with but distinct from 
platelet-derived growth factor receptor a (Pdgfraypasitive 
oligodendrocyte progenitors. This fits with the observation 
that Fgfr3 expression is preferentially excluded from 
the pMN domain of the ventral VZ where Pdgfra* 
oligodendrocyte progenitors — and motoneurones - 
originate. Many glial fibrillary acidic protein (Gfap)- 
positive astrocytes co-express Fgfr3 in vitro and in vivo. 
Fgfr3* cells within and outside the VZ also express 
the astroglial marker glutamine synthetase (Gins), We 



INTRODUCTION 

In the embryonic CNS, neurones and glia develop from 
the neuroepithelial cells of the ventricular zone (VZ) mat 
surrounds the ventricles of the brain and the lumen of the spinal 
cord. Different domains of the VZ express different gene 
products and generate different subsets of neurones and/or glia. 
For example, the ventral half of the spinal cord VZ is 
subdivided into five regions labelled (from ventral to dorsal) 
p3, pMN, p2, pi and pO. These five domains express different 
combinations of homeodomain (HD) and basic helix-loop- 
helix (bHLH) transcription factors and generate distinct classes 
of spinal neurones; pMN gives rise to somatic motoneurones, 
whereas p0-p3 give rise to four classes of ventral interneurones 
(V0-V3 respectively) (reviewed by Briscoe and Ericson, 1999; 
Jessell, 2001). In the brainstem, p3 also gives rise to visceral 
motoneurones (Ericson et al., 1997). 

After neurones, the VZ switches to producing glial 
cells. Oligodendrocytes, the myelinating glial cells of the 
CNS, develop from the ventral VZ. Small numbers of 
oUgc^endrocyte progenitors (OLPs), which express the 



conclude that (1) Fgfr3 marks astrocytes and their 
neuroepithelial precursors in the developing CNS 
and (2) astrocytes and oligodendrocytes originate in 
complementary domains of the VZ. Production of 
astrocytes from cultured neuroepithelial cells is hedgehog 
independent, whereas oligodendrocyte development 
requires hedgehog signalling, adding further support to the 
idea that astrocytes and oligodendrocytes can develop 
independently. In addition, we found that mice with a 
targeted deletion in the Fgfr3 locus strongly upregulate 
Gfap in grey matter (protoplasmic) astrocytes, implying 
that signalling through Fgfr3 normally represses Gfap 
expression in vivo. 

Key words: Fgfr3, Targeted deletion, Astrocyte, Reactive gliosis, 
CNS, Neuroepithelium 



j>ktelet^eriyed 'i^mv^\&^_T^cef^^ ffdgfra), first appear 
^Ae^a^cular s%rfr^cWeml^pni the 
;im>usci,; then jproltfera^ away into the grey and 

r wtutev matter ^Befim;~jstatb^^toj ^differentiate v into myelin- 
/ formmg bygodendrocyte^ 1996; Rogister et al., 1999; 

Richardson et al., 2000; Spassky et al., 2000). In rodents, OLPs 
are generated from the same part of the neuroepithelium as 
somatic motoneurones (MNs) but not until after MN 
production has ceased (Sun et al., 199fc; Lu et al., 2000) (for a 
review, see Rowitch et al., 2002). This prompted us to suggest 
that there is a pool of shared neuroglial precursors that first 
generates MNs, then switches to OLPs (Richardson et al, 
1997; Richardson et al., 2000). This idea has been supported 
recently by the finding that the bHLH proteins Oligl and 01ig2 
are expressed and required in pMN for production of both 
motoneurones and OLPs (Lu et al., 2002; Zhou and Anderson, 
2002; Takebayashi et al., 2002) (reviewed by Rowitch et al., 
2002). 

Where do astrocytes, the other major class of CNS glia, 
originate in the neuroepithelium? It is believed that at least 
some astrocytes are generated by transdifferentiation of radial 
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glia (Bignami and Dahl, 1974; Choi et al. f 1983; Benjelloun- 
Touimi et al. f 1985; Voigt» 1989; Culican et al., 1990). Others 
are formed from multipotent precursors in the subventricular 
zones (SVZ) of the postnatal brain. However, the origins of 
astrocytes in the developing spinal cord are unclear, so we 
looked for an astrocyte lineage marker that might be helpful in 
following the development of astrocytes from their earliest 
precursors in the VZ. Previous expression studies of the 
fibroblast growth factor receptor 3 (Fgfr3) suggested that this 
receptor might be expressed in glial cells, possibly astrocytes 
(Peters et al., 1993; Miyake et aL, 1996). Our own studies, 
reported here, support this conclusion and suggest that Fgfr3- 
positive astrocytes develop from Fg/ri-positive precursor cells 
in the neuroepithelium. Fgfr3 is not expressed equally in all 
parts of the neuroepithelium but is reduced or absent from 
pMN, suggesting that astrocytes and OLPs have separate 
neuroepithelial origins. We also found that astrocytes are 
formed in vitro in the absence of hedgehog signalling - unlike 
ohgodendrocytes, which require sonic hedgehog from the 
ventral midline. This reinforces the notion that at least some 
astrocytes develop independently of OLPs. 

To investigate the function of Fgfr3 in astrocytes, we 
examined mice with a targeted deletion in the Fgfr3 locus 
(Colvin et al., 1996). The number of Fg/ri-expressing cells 
was normal in the knockout, suggesting that Fgfr3 does not 
mediate a mitogenic or survival-promoting effect for these 
cells. However, Gfap was markedly upregulated in grey matter 
astrocytes, which normally have little or no Gfap - unlike their 
counterparts in white matter. Our results imply that signalling 
through Fgfr3 normally represses Gfap expression in grey 
matter astrocytes and suggest that white matter astrocytes 
might preferentially express Gfap because ligands for Fgfr3 are 
not normally available in axon tracts. 



MATERIALS AND METHODS 

Tissue and cell cultures 

Spinal cords from stage 12-13 (48 hour) chick embryos were dissected 
into dorsal, middle and ventral thirds using a flame-sharpened 
tungsten needle. Tissue fragments were cultured as explants in 
collagen gels (Guthrie and Lumsden, 1994) in defined BS medium 
(Bottenstein and Sato, 1979) containing 0.25% (v/v) foetal bovine 
serum (FBS) and conalbumin in place of transferrin (Pringle et al., 
1996). 

For dissociated cell cultures, El 7 rat cervical spinal cords were 
digested in 0.25% (w/v) trypsin in Earle's buffered saline (Ca 2 * and 
Mg 2+ free; Gibco) for 15 minutes at 37°C, then FBS was added to a 
final concentration of 10% (v/v) and the tissue physically dissociated 
by trituration. Cells were washed by centrifugation and rcsuspended 
in BS medium before plating in a 50 ul droplet on poly-D-lysine- 
coated glass coverslips (5x10* cells/coverslip). Both explants and 
dissociated cell cultures were cultured at 37°C in 5% CQ2 in a 
humidified atmosphere. 

Neutralising Shh activity In vitro 

Monoclonal Shh neutralising antibody 5E1 (Ericson et al., 1996) was 
concentrated by ammonium sulphate precipitation from hybridoma 
supernatants (Harlow and Lane, 1988). Monoclonal anti-NG2 
proteoglycan #4.11 (Stallcup and Beasiey, 1987) was used as a 
negative control. Precipitated antibodies were dissolved in a small 
volume of PBS and dialysed first against PBS and then Dulbecco's 
modified Eagle's medium (DMEM, Gibco). The final volumes were 



approximately tenfold less than the starting volumes and were 
assumed to be ten time as concentrated. Explants were incubated in 
the presence of either anti-Shh or control antibodies at twice the final 
concentration. Antibodies were added at the start of the experiment 
and fresh medium and antibody were added each day thereafter. In 
some experiments cyclc^amine (1 uM; from William Gaffield) 
instead of anri-Shh was added to cultures daily. 

BndU labelling in vivo 

EI 8 pregnant mice were injected intraperitoneally with BrdU at 50 ug 
BrdU per gram body weight. Two injections were given, 6 hours apart. 
Mice were sacrificed 3 hours after the second injection and the 
embryos were processed for FgfrS m situ hybridisation and BrdU 
immunolabelling. 

Preparation of tissue sections 

C57B1/6 mice were obtained from Olac and bred in-house. Noon on 
the day of discovery of the vaginal plug was designated embryonic 
day 0.5 (E0.5). We also used /g/ri-null mice (Colvin et al., 1996) 
bred at UCL. Mid-gestation embryos were staged according to the 
morphological criteria of Theiler (Theiler, 1972). Rats (Sprague- 
Dawley) were obtained from the UCL breeding colony and staged 
according to Long and Burlingame (Long and Burlingame, 1938) 
Fertilised White Leghorn chicken eggs were obtained from Needle 
Farm (Cambridge, UK). They were incubated at 38 °C and the chicken 
embryos staged according to Hamburger and Hamilton (Hamburger 
and Hamilton, 1951). 

Embryos were decapitated and immersion-fixed in cold 4% (w/v) 
paraformaldehyde in phosphate-buffered saline (PBS) for 24 hours 
before cryoprotecting in cold 20% (w/v) sucrose in PBS for at least 
24 hours. In sections processed for irnmunohistochemistry after in situ 
hybridisation, the fixation time was reduced to I hour to preserve 
epitope integrity. Tissues were immersed in OCT embedding 
compound (BDH), frozen on solid CO2 and stored at -70°C before 
sectioning. Frozen sections (15 um) were cut on a cryostat and 
collected on 3-aminopropyl-triethoxysilane (APES)-coated glass 
microscope slides. Sections were air-dried for 2 hours before storing 
dry at -70°C. 

Immunohtstochemlstry 

Anti-Gfap monoclonal ascites, clone G-A-5 (Sigma), was used at a 
dilution of 1:400. Anti-BrdU (monoclonal BU209) (Magaud et al.. 
1989) was used at 1:5 dilution. Monoclonal 04 (Sommer and 
Schachner, 1981) was used as cell culture supernatant diluted 1:5. 
Secondary antibodies were rhod amine- or fluorescein-conjugated goat 
anti-rabbit or goat anti-mouse immunoglobulin (all from Pierce) 
diluted J:200. All antibodies were diluted in PBS containing 0.1% 
(v/y) Triton X- 100 and 10% (v/v) normal goat serum, except 04, 
which was diluted in PBS alone. Sometimes diaminobenzidine (DAB) 
labelling (ABC kit, Vector Laboratories) was used instead of 
fluorescence detection. 

In situ hybridisation N 

Our in situ hybridisation r/rc<»dures have been described (Pringle et 
al., 1996; Fruttiger et al.. 1999); detailed protocols are available at 
htt^://www.ucl.ac.uk/Micbzwdr/richardson ; htm. Digoxigenin (DIG)- 
or fluorescein (FITQ-labelled RNA probes were transcribed in vitro 
from cloned cDNAs. The rat Fgfr3 probe was transcribed from a 
-900 bp partial cDNA encoding most of the tyrosine kinase (TK) 
domain (W.-P. Yu, PhD thesis, University of London, 1995) and the 
chicken Fgfr3 probe from a -440 bp partial cDNA encoding pan of 
the TK domain (from Ivor Mason. King's College London). The 
mouse Pdgfra probe was made from a -1 600 bp cDNA encoding most 
of the extracellular domaih_(frorn Chiayeng Wang, University of 
Chicago). The chicken Pdgfra probe was made from a -3200 bp 
cDNA covering most of the 3' untranslated region of the mRNA (from 
Marc Mercola, Harvard Medical School, Boston). 
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(F,G), 50 um (E). 



For double in situ hybridisation, two probes - one FTTC labelled 
and the other DIG labelled - were applied to sections simultaneously. 
The FITC signal was visualised with alkaline phosphatase (AP)- 
conjugated anti-FlTC Fab 2 fragments before developing in p- 
iodonitrotetrazolium violet (INT) and 5-bromo-4-chloro-3-indolyl 
phosphate (toluidine salt) (BCIP). which produces a magenta/brown 
reaction product. The sections were photographed, then the AP was 
inactivated by heating at 65°C for 30 minutes followed by incubating 
in 0.2 M glycine (pH 2) for 30 minutes at room temperature. The 
CNT-BCIP reaction product was removed by dehydration through 
graded alcohols, concluding with 100% ethanol for 10 minutes at 
room temperature. The DIG signal was then visualised with AP- 
coniugated anti-DIG Fab2 fragments and a mixture of mtroblue 
tetrazolium (NBT) and BCIP (all reagents from Roche Molecular 
Biochemicals) and the sections re-photographed. No labelling with 
NBT/BCIP was observed when we omitted either the DIG labelled 
probe or the anti-DIG antibody (data not shown). 

For the Fgfr3-Pdgfra double in situ hybridisation of Fig. 4 we 
visualised the FITC {Pdgfra) signal with horseradish peroxidase 
(HRP)-conjugated anti-FITC Fab-2 fragments (Roche) before 
developing in fluorescein-tyramide reagent (NEN™ Life Science 
Products, Boston) according to the manufacturer's instructions. The 
HRP-conjugate was inactivated by incubating in 2% (v/v) hydrogen 
peroxide for 30 minutes at room temperature. The DIG (Fgfr3) signal 
was then visualised with HRP-conjugated anti-DIG Fate fragments 
followed by rhodamine-tyramide, and the sections photographed 
under fluorescence optics. As specificity controls we omitted either 
the FITC-Iabelled Pdgfra probe or the HRP-conjugated anti-FITC 
antibody, which gave no staining other than for Fgfr3 (not shown). 

Combined ImmunolabelHng and in situ hybridisation 

For the experiment of Fig. 7, cultured cells were first subjected to 
in situ hybridisation with a [ 35 S]-labelled RNA probe against Fgfr3 
then immunolabeled with anti-Gfap and biotinylated goat-ami-mouse 
Ig. The Gfap signal was developed with DAB and the slides 
dehydrated through ascending alcohols, dipped in nuclear emulsion 
(llford K5), exposed in the dark for several days and developed in 
Kodak D19. 



RESULTS 

Fgfr3 expression in the embryonic spinal cord 

We examined Fgfr3 expression in the embryonic chick spinal 
cord by in situ hybridisation. At stage 22-24 (corresponding to 
~E4)» Fgfr3 expression was confined to the floor plate and the 
ventral two-thirds of the VZ (Fig. 1 A). By stage 34 (E8) Fgfr3 
expression had been extinguished in part of the ventral VZ so 
that a gap developed in the expression pattern (e.g. Fig. IB). 
Individual Fgfr3+ cells were also present outside the VZ 




Fig. 2. Expression of Fgfr3 and Olig2. Transverse sections through 
stage 35 (E9) chicken spinal cords were subjected to in situ 
hybridisation for Fgfr3 (A) or double in situ for Fgfr3 and Olig2 (B). 
At this age, Fgfr3 expression is confined to the VZ and a few 
scattered celts outside the VZ. The two spatially separated domains 
of Fgfr3 expression are clearly visible (A). OUg2 is expressed 
predominantly within the ventral 'gap' of Fgfr3 expression (B). This 
suggests that pMN (brackets), which generates Pdgfra* 
oligodendrocyte progenitors (OLPs), docs not also generate Fgfr3+ 
putative astrocyte progenitors. Scale bar: 50 um. 
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Fig. 3. Incorporation of BrdU by Fg/ri-expressing cells. We labelled 
El 8 embryos by two intra-peritoneai injections of BrdU, 6 hours 
apart, into the mother. We harvested the embryos 3 hours later and 
performed in situ hybridisation for Fgfr3 followed by 
immunohistochemistry for BrdU. The Fgfr3 (A) and BrdU (B) 
images were superimposed using Adobe Photoshop (C). Many 
/g/ri-expressing cells incorporated BrdU (C, arrows), confirming 
that they can divide after exiting the VZ and are therefore unlikely to 
be neurones. Arrowheads in B,C indicate /^J-negative cells thai 
have incorporated BrdU. 



after stage 34 (E8), both lateral and dorsal to the Fgfr3+ 
neuroepithelial domains. Often the individual cells appeared to 
be streaming away from the VZ into the parenchyma. This 
is evident in Fig. lC, for example. By stage 37 (Ell) Fgfr3 
expression was no longer detectable in the VZ but scattered 
Fgfr3+ cells were present throughout the grey and white matter 
of the cord (Fig. ID). Fgfr3 expression followed a similar 
progression in mouse and rat (Fig. lF.G and not shown) In 
rodents, however, the ventral gap in Fgfr3 expression was not 
as pronounced as in chicks (Fig. lG. arrow). 

A scattered population of F^/r5-expressing cells is found 
throughout most regions of the late embryonic and postnatal 
mouse brain, both in white and in grey matter. As in the 
embryonic spinal cord, there appear to be specific regions of 
the embryonic brain VZ that give rise to Fgfr3+ cells that 
stream away from the VZ into the parenchyma (not shown). 

Fgfr3-expressing cells originate mainfy outside the 
pMN domain of the neuroepithelium 

In the developing spinal cord, neuroepithelial precursors at 
different positions along the dorsoventral axis generate distinct 
neuronal subtypes. The ventral half of the spinal cord VZ is 



Fig. 4. Different populations of Fgfr3* and Pdgfra* cells in the 
newborn spinal cord. We hybridised sections of P2 mouse cervical 
spinal cord simultaneously with a DIG-labclled Fgfr3 probe together 
with an FITC-Iabelled Pdgfra probe to visualise OLPs. The Fgfr3 
signal (red) was visualised with rhodamine-tyramide reagent and the 
Pdgfra signal (green) with fluorescein-tyramide. Scattered individual 
Fgfr3* and Pdgfra* cells can be seen throughout both white and grey 
matter of the cord, but these are separate and discrete cell 
populations. We conclude that the great majority of Fgfr3* cells in 
the cord are not OLPs. 

divided into five neuroepithelial domains known as (from 
ventral to dorsal) p3, pMN, p2 ( p 1 and pO (Briscoe et al, 2000). 
Of these, pMN is known to generate motoneurones followed 
by oligodendrocyte progenitors (OLPs). It seemed to us that 
the ventral gap in Fgfr3 expression (Fig. 2A) might correspond 
to pMN. To test this, we performed double in situ hybridisation 
for Fgfr3 and Olig2 (which defines pMN) (Lu et al., 2000* 
Zhou et al., 2000). At stage 35, the Olig2 in situ hybridisation 
signal was within the gap in the Fgfr3 signal (Fig. 2B, arrow). 
Therefore, Fgfr3 is preferentially downregulated in pMN 
where ohgodendrocyte lineage cells originate, but is expressed 
both ventral and dorsal to pMN. 

Fgfr3- expressing cells are glia 

The fact that most of the scattered Fgfr3+ cells are generated 
after stage 34 (E8) in the chick, E13.5 in mouse, is itself a 
strong argument that they are glial cells, not neurones, because 
most spinal neurones are born before this (Altman and Bayer 
1984). That some of the Fgfr3* cells are found in axon tracts 
also suggests that they are glia, for there are very few neuronal 
cell bodies in fibre tracts. 

Another indication that they are glial cells is that they 
continue to divide after they leave the VZ. We showed this by 
injecting BrdU into a pregnant mouse at 18 days gestation. The 
embryos were removed 3 hours later and processed by in situ 
hybridisation for Fgfr3 followed by immunolabelling for 
BrdU. We found many (Fgfr3+, BrdU + ) cells scattered 
throughout the white and grey matter of the cord (Fig. 3 
arrows). This confirms that Fg/rJ-expressing cells divide 
in vivo and are therefore unlikely to be neurones or neuronal 
progenitors, which leave the VZ as postmitotic cells. This 
strengthens the idea that the Fg/rJ-expressing cells are glia 
There was also a population of (BrdU*, Fgfr3~) cells in both 
grey and white matter (Fig. 3C, arrowheads), so there is a 
distinct population^) of dividing cells that do not express 
Fgfr3. 

Fgfr3-expressing cells are distinct from Pdgfra* 
oligodendrocyte progenitors 

To determine whether the FgfrS* cells that we detect are 
oligodendrocyte progenitors (OLPs), we double labelled 
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Fig. 5. Fg/rJ-positive cells are unaffected in /Vg/h null spinal cords. 
Consecutive sections of newborn wild-type or Pdgfa knockout mouse 
cervical spinal cords were hybridised in situ with probes to Fgfr3 
(A,B) or Pdgfra (CD). The number of Pdgfra* OLPs is strongly 
reduced in the Pdgf-A knockout (compare C with D) but neither the 
number nor the distribution of Fgfr3+ cells is changed noticeably 
(A3). Again, we conclude that the Fgfr3* cells and Pdgfra* OLPs 
are different cells. 

mouse E18 and P2 spinal cord sections for Fgfr3 and Pdgfra, 
an established marker of early OLPs. Both in situ hybridisation 
probes labelled similar numbers of cells that were scattered 
throughout the spinal cord grey and white matter, but the two 
cell populations were completely non-overlapping (Fig. 4). 
This also held true throughout the postnatal brain (N. P. P., 
unpublished). We also looked in newborn Pdgfa knockout mice 
which contain far fewer Pdgfra* OLPs than normal (Fruttiger 
et al. T 1999). Despite the lack of OLPs, there were normal 
numbers of Fgfr3 + cells at this age (Fig. 5). Clearly, \tieFgfr3* 
^cells -detected fa^ otn*®situ T h^ 

*e£^OtPs^^ is consistent 

with th£ fatt that in mice lacking. Fgfr3, early events of 
oligodendrocyte lineage progression occur normally and the 
numbers of Pdgfra* cells remains unchanged (R. Bansal, 
personal communication) (N. P P, unpublished). 

Fgfr3-expressing cells are astrocytes and astrocyte 
precursors 

To test whether the Fgfr3* cells might be astrocytes, we double 
labelled El 8 mouse spinal cord sections for Fgfr3 and Gfap 
mRNAs. At El 8, white matter astrocytes begin to express Gfap 
mRNA, which initially remains in the astrocyte cell bodies and 
allows identification of individual astrocytes. (As astrocytes 
mature further, both Gfap mRNA and protein are relocated to 
the extending cell processes, making individual cells difficult 
to distinguish.) 



A ^ 



vV-. 




Fig. 6. Newly differentiating white matter astrocytes express Fgfr3. 
We simultaneously hybridised sections of El 8 mouse cervical spinal 
cord with an FITC-labelled Cfap mRNA probe (A) and a 
DIG-labelled Fgfr3 probe (B). The Gfap and Fgfr3 hybridisation 
signals were visualised and photographed sequentially (see Materials 
and Methods). All the G/ap-expressing astrocytes also expressed 
Fgfr3 (e.g. arrows). In general, Fgfr3* cells in the grey matter 
(arrowheads) did not co-express Gfap. 



All the Gfap* astrocytes in developing white matter at El 8 
also expressed Fgfr3 (Fig. 6, arrows). This result clearly 
identifies many of the F,g/r3-expressing cells as astrocytes. 
Nevertheless, the majority of Fg/rJ-expressing cells in the grey 
matter (Fig. 6B, arrowheads) are Gfap-neg&ive. We presume 
that these represent Gfop-negative, possibly immature, 
astrocytes. 

In an attempt to label all astrocytes, including G/ap-negative 
astrocytes, we used an in situ hybridisation probe against 
glutamine synthetase mRNA (Gins) (EC 6.3.1.2). Gins is 
widely regarded as an astrocyte marker, although there have 
been reports that it is also present in mature oligodendrocytes 
and even OLPs. We found that Gins transcripts were present 
in the VZ of the E15 mouse spinal cord and in cells outside 
the VZ in a pattern that was very similar that of Fgfr3 (Fig. 7). 
This is consistent with the view that Fgfr3 and Gins mark 
astrocytes and their precursors. This conclusion was further 
strengthened by studies of cultured astrocytes (see below). 

Cultured astrocytes co-express Gfap and Fgfr3 

When CNS cells are dissociated and placed in culture, 
astrocytes in the culture upregulate Gfap and are easily 
recognisable. We dissociated and cultured cells from El 7 rat 
cervical spinal cord and labelled them by in situ hybridisation 
for Fgfr3 and by immunocytochemistry for Gfap. Almost all 
of the Gfap + astrocytes also expressed Fgfr3 (Table 1; Fig. 8, 
arrows). There was also a small population of flat, fibroblast- 
like Fgfr3* cells that did not express Gfap (Fig. 8, arrowheads). 
The number of these cells decreased with time in culture; at 3 
days they were 6% of all cells, by 9 days less than 1% (Table 1). 
These (Fgfr3+, Gfap - ) cells might be astrocyte precursors or 
immature astrocytes that have not yet upregulated Gfap. In any 



Table 1. E17 rat spinal cord cell cultures double labelle d torFgfr3 and Gfap 

Days in vitro FgfrS* Gfap- (astrocyte precursors?) Fgfr3* Gfap* (astrocytes) Fgfr3~ Gfap* (astrocytes) Fgfr3~ Gfap- (other cells) 

3 17/275(6%) 69/275(25%) None 189/275(68%) 

6 23/596(4%) 82/596(14%) 2/596 (< J %) 489/596(82%) 

9 4/645 (<1%) 197/645(31%) 1/645 (<1%) 443/645(69%) 

Dissociated cells from El 7 rat spinal cord were cultured for 3. 6 or 9 days and then subjected to in situ hybridization for Fgfr3 mRNA followed by 
immunohistochemistry for Gfap protein. We counted astrocytes (F,gf/-i\ Gfap* and 7\g/h?-.Gfap*). putative astrocyte precursors (Fgfr3+, Gfap-) and other 
unidentified cells \Fgfr3~, GFAP"). The great majority of GFAP-expressing astrocytes also expressed FgfrS. These data are from a single representative 
experiment (duplicate coverslips); comparable results were obtained in two additional independent experiments. 



APR 14 2005 12:03 FR CISTI ICIST 



613 998 5283 TO 17188899320 



P. 08/12 



98 N. P. Pringle and others 




Fig. 7. Co-expression of Fgfr3 and glutamine synthetase {Gins) in 
the VZ and parenchyma of the embryonic mouse spinal cord. There 
was considerable overlap between the in situ hybridisation signals for 
Fgfr3 and Gins in the E15 mouse spinal cord, strongly suggesting 
that Fgfr3+ cells correspond to glial (presumably astrocyte) 
precursors. Arrows indicate cells that express both Fgfr3 and Gins: 



case, this experiment provides clear evidence that most or all 
Gfap + astrocytes in culture co-express Fgfr3. 

Gfap is upregulated in grey matter astrocytes in 
Fgfr3 null mice 

If Fgfr3 is expressed by astrocytes, we might expect to see 
specific effects on astrocytes in transgenic mice homozygous 
for a targeted disruption of Fgfr3. These mice have previously 
been shown to have skeletal and inner ear defects but no CNS 
defects have yet been reported (Colvin et al, 1996). 

We visualised astrocytes in spinal cord sections of 3-month- 
old Fgfr3 null mice, together with their heterozygous Fgfr3+ f - 
and wild-type httermates, by irnmunolabelling with anti-Gfap. 
Heterozygous and null mutant mice all displayed the normal 
pattern of Gfap expression up to 6 weeks of age. Gfap 
expression was observed in the white matter around the 
circumference of the spinal cord, many Gfap-labelled 
processes being oriented in a radial direction (Fig. 9A) By 
comparison, there was little or no Gfap expression in the grey 
matter, except in astrocytes associated with blood vessels 
B . e ^ n 6 wet *s 2 months of age, a striking up-regulation 
of Gfap expression occurred in the grey matter of Fgfr3 null 
mice, though not in their heterozygous or wild-type littermates 
(Rg. 9B). Astrocytes lining blood vessels also had increased 
Gfap immunoreactiviry. 

The number of cells that contain Fgfr3 mRNA was not 
noticeably different in Fgfr3-nuU spinal cords compared with 
wild type (data not shown). This suggests that Fgfr3 does not 
normally mediate a signal for proliferation or survival of 
astrocytes, although further experiments (e.g. BrdU labelling 
in vivo) would be required to substantiate this. 

Astrocyte development in vitro does not depend on 
Hedgehog signalling 

In the spinal cord, production of ventral cell types - 
motoneurones, ventral interneurones and OLPs - is dependent 




Fig. 8. Cultured cells from El 7 rat spinal cord double-labelled for 
Fgfr3 and Gfap. Cells were hybridised in situ with a 35 S-labelled 
RNA probe for Fgfr3, then immunolabelled for Gfap followed by 
autoradiography (see Materials and Methods). The Fgfr3 signal 
(black silver grains) is present over most Gfap-positive cells (brown 
DAB reaction product; arrows) (also see Table 1 ). Scale bar 10 Jim. 
Arrowhead indicates an fg/ri-positive, Qfap-negative cell. 



on Shh signalling (Ericson et al., 1996; Orentas et al., 1999) 
(for a review, see Jessell, 2001). We wanted to know whether 
production of astrocytes from the ventral neural tube is also 
dependent on Shh. We microdissected stage 12/13 (E2) chick 
spinal cord into thirds along the dorsoventral axis and cultured 
the ventral-most fragments in collagen gels with either a 
control antibody or an anti-Shh neutralising antibody (see 
Materials and Methods). After 48 hours in culture we labelled 
expiants with monoclonal antibody 4D5, which recognises 
homeodomain proteins Isll and Isl2 in motoneurones. Control 
expiants contained numerous Isl + cells, whereas none were 
observed in expiants incubated with anti-Shh (data not 
shown). After a further 10 days in culture (12 days total) we 
visualised OLPs with monoclonal antibody 04 (Sommer and 
Schachner, 1981) (Fig. 10CJ>) and astrocytes with anti-Gfap 
(Fig. 10A,B). All of the expiants incubated with control 
antibody (19/19) contained large numbers (>300) of 04 + late- 
stage OLPs (Fig. 10C). As expected, OLP production was 
markedly decreased by anti-Shh (Fig. 10D); 14/22 expiants 
contained no 04 + cells and, of the reniaining eight expiants, 
seven contained fewer than ten positive cells and the other one 
contained 38 positive cells. By contrast, all expiants contained 
numerous (>300) Gfap + astrocytes whether they had been 
incubated with control antibody (19/19) or anti-Shh ( 22/22^ 
(Fig. 10A,B). 

Similar results were obtained with expiants from 
stage 25 (E5) embryos from which we were able to dissect the 
ventral one-quarter of the neural tube and discard the floor 
plate. Once again, large numbers of Gfap + astrocytes developed 
m expiants cultured with control antibody (22/22) and with 
anti-Shh (25/25). even though OLP production in these 
expiants was inhibited by, anti-Shh (not shown). 

Tb test the possibility that other hedgehog (Hh) proteins 
(Desert Hh, Indian Hh) control astrocyte production in ventral 
expiants, we inhibited the activity of all isoforms with the 
alkaloid cyclopamine (Cooper et al., 1998; Licardona et al., 
1998). This gave similar results as Shh neutralising antibodies 
(data not shown). Thus, we conclude that astrocyte induction 
in ventral spinal cord does not require Hedgehog signalling. 
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Fig. 9. Gfap upregulation in grey matter astrocytes in Fgfr3-mi\\ 
mice. Transverse sections through the cervical spinal cords of 2- 
monih-old wild-type (A) and F^/rJ-null mice (B) were 
immunolabeled with anti-Gfap. In the wild-type cord, white matter 
(fibrous) astrocytes express Gfap but there is little or no Gfap 
immunoreactivity in the grey matter. By contrast, the Fgfr3-nu\\ 
mouse (B) shows extensive Gfap labelling of grey matter 
(protoplasmic) astrocytes. Scale ban 100 urn. 



DISCUSSION 

On the basis of their spatial distribution and time of 
appearance, Peters et al. (Peters et al., 1993) suggested that 
Fgfr3* cells in the mouse CNS are glial cells, possibly 
astrocytes. By double labelling experiments with Fgfr3 and 
Gfap, Miyake et al. (Miyake et al., 1996) concluded that Fgfr3 
was expressed in astrocytes in the adult rat brain. Our data 
support and extend these conclusions. We present evidence that 
scattered Fgfr3*ceUs in the embryonic and postnatal CNS are 
astrocytes and/or astrocyte progenitors, and that these 
astrocytes are derived from Fgfr3* neuroepithelial precursors 
in the VZ. 

Fgfr3 is also expressed transiently by a subpopulation of 
motoneurones (Philippe et al., 1998) and by late 
oligodendrocyte progenitors (late OLPs) just prior to terminal 
differentiation in vitro (Bansal et al., 1996). We are convinced 
that the Fgfr3 + cells that we detect are not OLPs, however. Hist 
and foremost, double labelling for Fgfr3 and Pdgfra (a marker 
of early OLPs) demonstrates that these mark separate 
populations of cells. The Fgfr3* and Pdgfra* cell populations 
appear at different times and initially their distributions are 
different. Moreover, the number and distribution of Fgfr3* 
cells was unaltered in neonatal Pdgfa-mxU spinal cords, which 
have very few Pdgfra* OLPs and oligodendrocytes (Fruttiger 
et al., 1999). This argues strongly that the large majority of 
Fg/rJ* cells revealed by our in situ hybridisation protocol are 
not OLPs. Bansal et al. (Bansal et al., 1996) have shown that 
OLPs do express Fgfr3 mRNA in culture but only at a low level 
during the earlier stages of the lineage. Presumably this is 
below our limit of detection in situ. OLPs upregulate Fgfr3 
strongly just prior to oligodendrocyte differentiation (Bansal et 
al„ 1996) but these presumably represent a small subset of 
OLPs in the embryonic spinal cord and do not feature in our 
analysis. 

F<g/r3-rx>sitive cells co-expressed mRNA encoding 
glutamine synthetase (Gins; EC 6.3.1.2). In the CNS. Gins is 
an accepted marker of mature astrocytes (Norenberg and 
Martinez-Hernandez, 1979; Stanimirovic et al., 1999) but it is 
also expressed in oligodendrocytes (Domercq et al., 1999) and 
OLPS (Baas et al., 1998). Gins has not previously been 
ascribed to neuroepithelial precursors or immature astrocytes 
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Fig. 10. Neutralising Shh activity in explant cultures of ventral spinal 
cord. Stage 12/13 (E2) chick neural tube was dissected into dorsal, 
intermediate and ventral thirds. The ventral thirds were cultured in 
collagen gels in the presence of either control antibody (A,C) or with 
neutralising anti-Shh antibody (B,D). Explants were double-labelled 
with 04 monoclonal antibody (C,D) and anti-Gfap (A,B). Anti-Shh 
blocks the formation of 04-positive OLPs but not Gfap-positive 
astrocytes. Scale ban 10 um 

in the embryo, although Gins transcripts have been detected in 
the rat brain by northern blot as early as E14. To our 
knowledge. Gins has not been described in neurones except in 
pathological situations such as Alzheimer's disease (Robinson, 
2000). Therefore, we are confident that the {Fgfr3* t Gins*) 
double-positive cells described here are glial cells. Taken 
together with the evidence against them being OLPs (see 
above), it seems likely that they correspond to immature and 
mature astrocytes. This is strongly supported by the 
observations that Fgfr3* cells co-express Gfap protein and/or 
mRNA in (1) the formative white matter of the normal 
developing spinal cord and (2) cultures of dissociated spinal 
cord cells. 

Neuroepithelial origins of astrocytes 

Fgfr3 was expressed in two domains of the spinal cord 
neuroepithelium separated by an Fg/rJ-negative region. This 
was true of both rodent and avian embryos though it was more 
obvious in the latter. The Fg/r5-ne^gative region corresponds 
roughly to the pMN domain of the VZ that generates somatic 
motoneurones followed by Pdgfra* OLPs (Sun et al., 1998; 
Rowitch et al., 2002). Therefore, our data indicate that OLPs 
and astrocytes originate from separate precursors that reside in 
different parts of the VZ. How does this fit with other ideas 
about the origin of astrocytes? One hypothesis is that astrocytes 
arise by transdifferentiation of radial gliau after the latter have 
fulfilled their role as cellular substrates for radial migration of 
neuronal progenitors (Bignami and Dahl, 1974; Choi et al., 
1983; BenjeUoun-Touimi et al., 1985; Voigt, 1989; Culican et 
al., 1990). This could be compatible with our Fgfr3 expression 
data, as radial glia have their cell bodies close to the ventricular 
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surface. However, radial glia are distributed all around the 
spinal cord lumen, unlike Fgfr3, so one would have to postulate 
that only a subset of radial glia express Fgfr3. 

In double-knockout mice that lack the two basic helix- 
loop-helix (bHLH) transcriptions factors Oligl and 01ig2, the 
pMN domain of the VZ undergoes a homeotic transformation 
into p2, its immediate dorsal neighbour (Rowitch et al., 
2002). As a result, pMN no longer generates motoneurones 
followed by OLPs, but instead produces V2 interneurones 
followed by astrocytes (Zhou and Anderson, 2002; 
Takebayashi et al., 2002). By implication, this is the usual 
fate of p2 precursors in wild-type mice. This is consistent 
with our observation that Fgfr3+ astrocytes apparently 
originate within an extended part of the ventral VZ, including 
p2 but excluding pMN. Our Fgfr3 expression data are also 
consistent with previous fate mapping experiments in chick- 
quail chimeras, which indicated that astrocytes are generated 
from dorsal as well as ventral parts of the VZ, whereas OLPs 
are generated only from ventral territory (Pringle et al., 
1998). It remains to be seen whether astrocytes that are 
generated from distinct neuroepithelial domains (p3 or p2, 
say) have identical properties or whether they are functionally 
specialised - for modulating synaptic activity or interacting 
with blood vessels, for example. 

Production of ventral cell types such as motoneurones 
interneurones and OLPs is dependent on Shh signalling. As 
many Fg/rJ-expressing astrocyte precursors appear to 
originate in p3, p2 and other ventral domains, we might expect 
that production of astrocytes might also depend on Shh 
signalling. However, we found that astrocytes developed in 
explant cultures of ventral neural tube either in the presence 
or absence of Shh activity. Our data imply that astrocytes are 
specified by different mechanisms than OLPs - at least they 
demonstrate that astrocyte and OLP production are not 
obligatorily linked. In fact, there is evidence that more than 
one signalling pathway can lead to astrocyte development 
m vitro (Rajan and McKay, 1998). Because astrocytes can be 
formed from dorsal as well as ventral neuroepithelium, it 
remains possible that Ventral' astrocytes might normally be 
under Shh control, but that by blocking Shh signalling we 
uncover an alternative 'dorsal* pathway for astrocyte 
development. J 

n ^Jf* reported ^ ™ glial-restricted precursor 
cells (GRPs) in the embryonic rat spinal cord that are dedicated 
to the production of astrocytes and oligodendrocytes (Rao and 
Mayer-Proschel, 1997; Herrera et al., 2001). This seems to 
conflict with current evidence that oligodendrocytes and 
astrocytes are generated from different precursors in the 
embryonic spinal cord (Lu et al., 2002; Rowitch et al M 2002* 
Zhou and Anderson, 2002) (this paper). A possible 
reconciliation might be that GRPs with the potential to 
generate both astrocytes and oligodendrocytes are formed in 
aD parts of the spinal cord VZ but are constrained in vivo to 
generate only astrocytes or only oligodendrocytes, depending 
on the signals in their local environment (i.e. where they are 
located) (for a review, see Rowitch et al., 2002) 



F0fr3 regulates Gfap expression in grey matter 
astrocytes 

Astrocytes with distinct, heritable morphologies have been 
described in cultures of rat spinal cord cells (Fok-Seang and 



Miller, 1992). Astrocytes in different parts of the CNS differ 
in morphology or function in vivo too, suggesting that they 
might fulfil different, region-specific functions. In addition, 
astrocytes in white matter tracts generally have smaller cell 
bodies with more and longer processes compared to their 
counterparts in grey matter (Connor and Berkowitz, 1985). For 
this reason, white matter astrocytes are sometimes referred to 
as 'fibrous* and those in grey matter as 'protoplasmic' or 
*velous\ White matter astrocytes also express high levels of 
Gfap, whereas grey matter astrocytes contain little or no 
immunoreactive Gfap. 

Fibrous and protoplasmic astrocytes might develop from 
separate lineages (Connor and Berkowitz, 1985), However, 
our observation that Gfap is upregulated in grey matter 
astrocytes of Fgfr3~jx\xil mice provides strong in vivo evidence 
that extracellular signals might be required to maintain their 
normal Gfap-negative phenotype. This is consistent with a 
report that adding Fgf2 to cultured astrocytes downregulates 
Gfap mRNA and protein and causes their morphology to 
change (Reilly et al:, 1998). Fgf2 and other known Fgfr3 
ligands such as Fgf9 are made by, and presumably released 
from, many CNS neurones (Eckenstein et al., I99l\ Cotman 
and Gomez-PiniUa, 1991; Woodward et al., 1992* Gomez- 
PiniUa et al., 1994; Kuzis et al., 1995), One possible reason 
that white matter astrocytes express high levels of Gfap in 
wild-type mice might be that they are denied exposure to 
Fgfr3 ligands in axon tracts - perhaps because Fgf, like Pdgf, 
is secreted from neuronal ceU bodies but not from axons 
(Fruttiger et al., 2000). 

Upregulation of Gfap in the Fgfr3-nu\l mouse is mindful of 
the astrocyte response to CNS injury or disease - so-called 
reactive gliosis or astrocytosis (for reviews, see Ridet et al., 
1997; Norton. 1999). It would be interesting to know whether 
interruption of signalling through Fgfr3 is somehow involved 
in the astrocyte reaction to injury. However, if is unlikely to be 
straightforward, because Gfap upregulation in the Fg/ri-null 
animals does not occur until around 2 months of age 
suggesting that it is an indirect effect. In addition, the data from 
the Fgfr3-null mouse are difficult to square with the 
observation that intra-ventricular injection of Fgf2 has been 
reported to increase the number of Gfap + reactive astrocytes 
(Unsicker, 1993). 

Most grey matter (protoplasmic) astrocytes possess many 
short sheet-like processes containing little, if any, Gfap 
(Connor and Berkowitz, 1985). It has been suggested that this 
morphology might help them to infiltrate the neuropil and 
surround axonal terminals, synapses and neuronal cell bodies 
consistent with one of their proposed roles in neurotransmitter 
metabolism (Martinez-Hernandez et al., 1977; Norenberg and 
Martinez-Hernandez, 1979). It will be interesting to see if the 
reactive astrocytes in /\g/ri-null mice are defective in 
neurotransmitter metabolism and whether this contributes to 
the premature death of the animals. 
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We have found that the tripotential glial-restricted precursor 
(GRP) cell of the embryonic rat spinal cord can give rise in vitro 
to bipotential cells that express defining characteristics of 
oligodendrocyte-type-2 astrocyte progenitor cells (02A/OPCs). 
Generation of 02A/OPCs is regulated by environmental signals 
and is promoted by platelet-derived growth factor (PDGF), 
thyroid hormone (TH) and astrocyte-conditioned medium. In 
contrast to multiple observations indicating that oligodendro- 
cyte precursor cells in the embryonic day 14 (E14) spinal cord 
are ventrally restricted, GRP cells are already present in both 
the dorsal and ventral spinal cord at E13.5. Ventral -derived 
GRP cells, however, were more likely to generate 02A/OPCs 
and/or oligodendrocytes than were their dorsal counterparts 
when exposed to TH, PDGF, or even bone morphogenetic 



Understanding how the differentiated cell types of the body are 
generated is a central challenge in deveJopmental biology. Mul- 
tiple components contribute to this process, including signaling 
molecules and transcription factors that cause precursor cells to 
progress along different developmental pathways. Central to un- 
derstanding cell generation, however, is identification of the pre- 
cursor cell from which a given cell type arises, for it is the specific 
precursor cell that represents the actual target for exogenous 
influences. 

The creation of specific precursor cells and differentiated cell 
types proceeds through a sequence of lineage restrictions but also 
may involve a phenomenon of lineage convergence. Through 
lineage restriction, the totipotent stem cells of the earliest embryo 
generate progeny that are more restricted in the range of cell 
types they generate. For example, totipotent embryonic stem cells 
give rise to tissue-specific stem cells. Tissue-specific stem cells 
proceed to produce differentiated cell types via intermediate 
lineage- restricted precursor cells. These lineage-restricted precur- 
sor cells ultimately generate a subset of the differentiated cell types 
in a particular tissue. Lineage restriction is complemented in de- 
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protein-4. The simplest explanation of our results is that oligo- 
dendrocyte generation occurs as a result of generation of GRP 
cells from totipotent neuroepithelial stem cells, of 02A/OPCs 
from GRP cells and, finally, of oligodendrocytes from. 02A/ 
OPCs. In this respect, the responsiveness of GRP cells to 
modulators of this process may represent a central control 
point in the initiation of this critical developmental sequence. 
Our findings provide an integration between the earliest known 
glial precursors and the well-studied 02A/OPCs while opening 
up new questions concerning the intricate spatial and temporal 
regulation of precursor cell differentiation in the CNS. 

Key words: glial-restricted precursor cell; GRP cell; oligoden- 
drocyte; 02A progenitor cell; OPCs; spinal cord development; 
ventral origin; neuroepithelial stem cells 



velopment by the process of lineage convergence, by which differ- 
ent lineages give rise to the same cell type. One example of such 
convergence is seen in the formation of cartilage from both mes- 
enchymal and cranial neural crest lineage (Baroffio et al., 1991). 

Studies on CNS development are revealing a rich diversity of 
precursor cells that can give rise to the same cell type, particularly 
with respect to glial development For example, it is well estab- 
lished that oligodendrocytes can be generated from oligoden- 
drocyte-type-2 astrocyte progenitor cells (RafTet al., 1983; Skoff 
and Knapp, 1991), which also are referred to as oligodendrocyte 
precursor cells (Raff et al., 1983; Skoff and Knapp, 1991) and 
abbreviated here as 02A/OPCs. More recent studies on embry- 
onic rat spinal cord have led to the isolation of a new and distinct 
population, called tripotential glial-restricted precursor (GRP) 
cells, that also can generate oligodendrocytes in vitro and in vivo 
(Rao et al., 1998; Herrera et al., 2001). GRP cells and 02A/OPCs 
differ in several characteristics. For example, GRP cells and 
02A/OPCs differ in their responses to mitogens, survival factors, 
and inducers of differentiation (Rao et al., 1998). GRP cells and 
02A/OPCs also express distinct differentiation potentials in vitro: 
GRP cells are able to generate oligodendrocytes and two distinct 
astrocyte populations, whereas 02A/OPCs can generate oligo- 
dendrocytes and only one kind of astrocyte. Moreover, GRP cells 
readily generate astrocytes when transplanted into the neonatal 
or adult brain (Herrera et al., 2001), a cell type not generated 
from primary 02A/OPCs, after transplantation into the normal 
CNS (Espinosa de Jos Monteros et al., 1993). 

Several critical questions arise from the fact that it now is 
possible to isolate two distinct precursor cell populations (i.e., 
GRP cells and 02A/OPCs) from the developing animal, each of 
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Table 1. Differentiation potential of GRP-derived 04 + and 04~ cells 



04 + cells 



04~ cells 



Culture condition 



PDGF/TH 



10% FCS 



PDGF/TH 



10% FCS 



Type- 2 astrocytes only 
Type-1 astrocytes only 
Type-1 and type-2 astrocytes 
Oligodendrocytes and progenitors 



Number of clones that contain specific cell types/number of all scored clones 
0/15 21/22 0/29 1/21 

0/15 1/22 0/29 3/21 

0/15 0/22 0/29 17/21 

15/15 0/22 29/29 0/21 



Individual GRP cell-derived 04 + and 047 cells were expanded to a clonal size of 5-10 cells before being exposed to 10% FCS to induce astrocytic differentiation or exposed 
to PDGF and TH to promote oligodendrocyte differentiation. After 5 or 10 d, respectively, clones were stained with anti-GFAP, A2B5, and anti-GalC antibodies. In 
serum-containing medium, all but one of the clones derived from 04 + cells contained only astrocytes with the antigenic phenotype of type-2 astrocytes (i.e., GFAP + and 
A2B5 + ). In contrast, clones generated from 04" cells contained a mixture of type-1 (i.e., GFAP + A2B5~) and type-2 astrocytes. Although some clones derived from 04 + 
or 04~ cells contained one or two progenitor cells, none of the clones contained oligodendrocytes at that time point. All clones exposed to PDGF and TH, regardless of being 
derived from 04 + or 04~ cells, contained A2B5 + progenitor cells and GalC + oligodendrocytes. None of these clones contained astrocytes. 



which can generate oligodendrocytes. Is the relationship between 
these two populations one of lineage restriction or lineage conver- 
gence? If GRP cells and 02A/OPCs are related, what signals 
promote the generation of one from the other and how can the 
existence of both populations be integrated with existing studies on 
the generation of oligodendrocytes during spinal cord development? 

MATERIALS AND METHODS 

Cell culture. A2B5 + GRP cells were isolated from embryonic day 13.5 
(E13.5) Sprague Dawley rat spinal cords by positive selection on immu- 
nopanning dishes coated with A2B5 antibody (Rao et al., 1998). GRP 
cells were then grown in the presence of 10 ng/ml basic FGF (bFGF) and 
indicated supplements for various time points on fibronectin/laminin- 
coated coverslips at 3000 cells/well for mass culture experiments or on 
coated grid dishes for clonal analysis. Cultures were fed every other day 
with the factors indicated. At the end of the experiment, cells were 
stained with 04 (Sommer and Schachner, 1981) or A2B5 antibodies to 
detect precursor cells, anti-galactocerebroside (GalC) antibody (Gard 
and Pfeiffer, 1990; Gard et al., 1995) to identify oligodendrocytes, and 
anti-GFAP antiserum to identify astrocytes (Norton and Farooq, 1993; 
Morita et al., 1997; Gomes et aL, 1999) followed by appropriate 
fluorochrorae-conjugated secondary antibodies (Southern Biotechnol- 
ogy, Birmingham, AL). The number of ceils of each type relevant to each 
experiment was calculated, as was the total cell number. As originally 
defined, GFAP + cells were scored as type-2 astrocytes if they were 
stellate and A2B5 + and as type-1 astrocytes if they were fibroblast- like in 
morphology and were A2B5 ~. 

Rationale for use of the 04 antibody in analyzing generation of 02AI 
OPCs from GRP cells. To determine whether one cell type gives rise to 
another, it is usef ul to identify a marker that is expressed by one cell type 
but not by the other. This is particularly problematic for analysis of GRP 
cells and 02A/OPCs. Freshly isolated GRP and 02A/OPCs both label 
with the A2B5 monoclonal antibody. We have shown previously that 
GRP cells can express receptors for platelet-derived growth factor 
(PDGF) without losing their tripotentiality (Rao et al., 1998). Our 
ongoing studies have revealed that tripotential GRP cells also label with 
anti-GD3 and anti-NG-2 antibodies (C. Proschel, D. Gass, and M. Mayer- 
Proschel, unpublished observations). Thus, none of these markers, which 
have been used by many others to study development of 02A/OPCs 
(Hart et al., 1989; Yira et al., 1995; Nishiyama et al., 1996), allow a 
distinction to be made between GRP cells and 02A/OPCs. 

At this stage, the only remaining candidate marker for investigating 
whether GRP cells can generate 02A/OPCs is the 04 monoclonal 
antibody (Sommer and Schachner, 1981). This antibody can be used to 
define a secondary stage of 02A/OPC development, in which 
A2B5 + 04 " 02A/OPCs give rise to cells that are A2B5 + and also 04 + . 
The great majority of 02A/OPCs isolated from the p7 optic nerve are 
04 + (M. Noble, unpublished observations), whereas GRP cells are 04~ 
(Rao and Mayer-Proschel, 1997; Rao et al., 1998). In addition, it has been 
shown that development of GalC "*" oligodendrocytes in the 02A/OPC 
lineage is preceded by the appearance of cells that are 04 + but GalC" 
(Schachner et al., 1981; Sommer and Schachner, 1981; Bansal et al., 1989; 
Gard and Pfeiffer, 1990, 1993). Critically, 04 + GalC ~ cells isolated from 
many regions of the postnatal CNS, including spinal cord, are bipotential 



cells capable of differentiating into both oligodendrocytes and type-2 
astrocytes (Trotter and Schachner, 1989; Barnett et al., 1993; Grzen- 
kowski et al., 1999). 04 + GalC~ cells also can be induced to proliferate 
in vitro and in this respect are not terminally differentiated (Small et al., 
1987; Trotter et al., 1989; Gard and Pfeiffer, 1990; Reynolds and Wilkin, 
1991; Warrington and Pfeiffer, 1992; Avossa and Pfeiffer, 1993; Barnett et 
al., 1993; Gard et al., 1995); Thus, although some authors have preferred 
to consider 04 + GalC~ cells (isolated from postnatal animals or derived 
from 02A/OPCs) as more committed "oligodendroblasts," the 
04 + GalC~ cells studied thus far express those characteristics (in par- 
ticular, bipotentiality in vitro and ability to divide) that are most impor- 
tant in defining a cell as being a bipotential 02A/OPC. 

Clonal analysis of El 3. 5 GRP cell-derived 04* cells. We confirmed the 
differentiation potential of a cell by clonal differentiation analysis, as used 
in our previous studies on GRP cells (Rao and Mayer-Proschel, 1997; 
Rao et al., 1998) and extensive studies on 02A/OPCs (Ibarrola et al., 
1996; Smith et al., 2000); this is the only technique that allows the 
differentiation characteristics of individual precursor cells to be unam- 
biguously ascertained. The basic strategy used to conduct such analyses 
in the present studies was as follows: GRP cells were isolated from E13.5 
spinal cord as described previously and grown either for 24 hr or for 21 d 
in the presence of bFGF (10 ng/ml) before being exposed to the condi- 
tion most effective at generating 04 + GalC~ cells (i.e., chemically de- 
fined medium supplemented with 10 ng/ral PDGF— A chain homodimer; 
Peprotech, Rocky Hill, NJ) and thyroid hormone (TH; Sigma, St. Louis, 
MO). It is critical to note that GRP cells grown for 24 hr in FGF do not 
express PDGF receptor-a (PDGFR-a), whereas long-term cultured GRP 
cells express this receptor. We have determined that when grown in the 
presence of FGF, GRP cells remain tripotential regardless of their 
PDGF receptor status (Rao et al., 1998). After periods of additional in 
vitro growth indicated in Results, cultures were labeled with both 04 and 
anti-GalC antibodies, followed by appropriate fluorescein- and rhodanrine- 
conjugated secondary antibodies. Fluorescence-activated ceil sorting was 
then used to obtain populations of 04 + GalC ~ cells. 04 + GalC ~ cells were 
plated at clonal density and single 04 + GalC ~ cells were identified and 
circled. Cells were induced to divide for 5 d (in PDGF/bFGF at 10 ng/ml), 
and clones were switched to PDGF plus TH or 10% FCS when they 
reached a density of 5—10 cells. After 10 or 3 d, respectively, clones were 
stained with the A2B5, anti-GFAP, and anti-GalC antibodies. Control cells 
were switched to PDGF plus TH or 10% FCS without previous prolifera- 
tion and stained after an additional 10 and 3 d, respectively. The results of 
our clonal analyses are shown in Tables 1 and 2. 

Immunostaining of clones. Staining procedures were as described pre- 
viously (Rao and Mayer-Proschel, 1997). Briefly, the A2B5 and anti-GalC 
antibodies were grown as hybridoma supernatants (American Type 
Culture Collection, Manassas, VA) and used at a dilution of 1:2. The 04 
hybridoma cell line was a generous gift from Use Sommer (University of 
Glasgow, Glasgow, UK), and its supernatant was also used at a 1:2 
dilution. Anti-GFAP (polyclonal, rabbit anti-cow; purchased from Dako, 
Glostrup, Denmark) was used at a 1:100 dilution and applied overnight. 
All secondary antibodies [i.e., goat anti-mouse IgM-biotin, IgG3- 
tetramethylrhodamine B isothiocyanate, goat-anti -rabbit Ig (heavy and 
light chain)-FlTC (Southern Biotechnology), and streptavidin (Molecu- 
lar Probes, Eugene, OR)] were used at a 1:100 dilution. Anti-NG2 
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Table 2. NSC-derived A2B5 + cells represent GRP cells 



Ventral E10.5 spinal cord-derived 



Dorsal El 0.5 spinal cord-derived 



Antigenic phenotypes of cells 
within clones 



GFAP* 
A2B5 + 

and GFAP* 
GFAP+ A2B5" 
A2B5" only 



GFAP + 
A2B5" 
onJy 



A2B5 + 
only 



GalC" 



GFAP + 
A2B5 + 
and 

GFAP + 
A2B5" 



GFAP + 
A2B5" 
only 



GFAP" 
A2B5 + 
only 



A2B5" 
only 



GalC* 



Percentage of clones (total number) 

after 7 d in 10% FC S/bFGF 70 (59) 

Percentage of clones (total number) 

after 10 d in TH/bFGF 29 (33) 



0 



0 30 (26) 0 83 (68) 0 

0 36(40) 35(39) 34(23) 0 



0 17 (14) 0 

0 41 (29) 25 (18) 



NSCs were isolated from dorsal and ventral regions of the El 0.5 spinal cord and expanded in nondifferentiation conditions. After 3 d, dorsal and ventral cultures were allowed 
to differentiate, and the appearing A2B5 + cells were harvested and replated at clonal density. Expanded clones were exposed either to 10% FCS or to TH to promote 
astrocytic and oligodendrocyiic differentia lion, respectively (both conditions also contained FGF). Both ventral- and dorsal-derived clones generated two types of astrocytes 
in the presence of 10% FCS and GalC* oligodendrocytes in the presence of TH. All clones that contained oligodendrocytes also contained A2B5 + progenitor cells. We did 
not see any clones that contained only one type of astrocytes. The numbers shown refer to the number of clones containing different cell types but not the relative composition 
of the entire culture. For example, the great majority of astrocyte -containing clones in TH only had 1-5% GFAP"*" cells, suggesting that the presence of FGF allows some 
astrocyte differentiation to occur even when TH is present. Numbers in parentheses refer to the total number of clones, whereas numbers without parentheses indicate the 
percentage of clones in each category. 



antiserum was a generous gift from Dr. W. Stallcup (Burnham Institute, 
La Jolla Cancer Research Center, CA) and was used at a 1:100 dilution. 

RESULTS 

Tripotential GRP cells, which are 04~ cells, generate 
bipotential G4 + GaIC~ cells when grown in the 
presence of PDGF and thyroid hormone 

The first question we addressed was whether tripotential GRP 
cells can generate cells with the antigenic and differentiation 
characteristics of bipotentiaJ 02A/OPCs. This question was in- 
vestigated by a combined analysis of antigen expression and of 
differentiation potential at the clonal level. The requirement to 
use the 04 antibody (Sommer and Schachner, 1981) as a potential 
marker of 02A/OPCs is explained in Materials and Methods. 
Briefly, both GRP cells and 02A/OPCs label with the A2B5 
antibody, the NG-2 antibody (Stallcup and Beasley, 1987), and the 
anti-GD3 antibody (Sey fried and Yu, 1985), and both populations 
can express PDGF receptors while maintaining their character- 
istic differentiation potential. Thus, of all of the markers that have 
been used to study the ancestors of oligodendrocytes, it was only 
the 04 antibody that remained potentially useful in this context. 
We designed experiments that would allow us to answer the 
following questions: (1) are there in vitro growth conditions that 
promote the generation of 04 + GalC ~ cells from 04 ~ GRP cells, 
and (2) do GRP cell-derived 04 + GalC" cells still behave like 
tripotential GRP cells or do they now behave like bipotential 
02A/OPCs? 

We first examined the effects on GRP cells of a wide variety of 
conditions (see Materials and Methods) shown previously to 
induce generation of oligodendrocytes in cultures of 02A/OPCs. 
Although astrocyte-conditioned medium in combination with TH 
was the most effective condition for inducing the appearance of 
oligodendrocytes over a 3 d time period (data not shown), it was 
growth in the presence of FGF plus PDGF plus TH that was 
associated with the generation of the greatest proportion of 
04 + GalC" cells. 

In cultures of freshly isolated GRP cells that were grown for 24 
hr in the presence of FGF and then additionally exposed to 
PDGF plus TH (with FGF still present), 78 ± 9% of the cells 
were 04 + GalC~ after 3 d in culture. In addition, we noticed that 
20 ± 5% of all cells were 04 + GalC + oligodendrocytes and a 
small percentage (2 ± 0.7%) of cells represented GFAP + astro- 



cytes. We never observed the appearance of any cells that were 
GalC" 1 " but 04~, consistent with previous observations that pas- 
sage through an 04 + stage is required before the expression of 
GalC immun ore activity (Schachner et al., 1981; Sommer and 
Schachner, 1981; Bansal et al., 1989; Gard and Pfeiffer, 1990, 
1993). GRP cell cultures that were grown in the presence of FGF 
alone contained no 04 + cells, and previous studies have demon- 
strated that GRP cells expanded in this manner retain the ability 
to generate oligodendrocytes, type-1 astrocytes, and type-2 
astrocytes. 

Although previous studies have shown that 04 + GalC~ cells 
isolated from postnatal animals or derived from bipotential 02A/ 
OPCs are bipotential in vitro (Trotter and Schachner, 1989; Bar- 
nett et al., 1993; Grzenkowski et al., 1999), it cannot be assumed 
that such differentiation characteristics necessarily apply to 
04 + GalC~ cells derived from tripotential GRP cells. To deter- 
mine the differentiation potential of GRP cell-derived 
04 + GalC" cells, we cultured expanded GRP cells in the pres- 
ence of FGF for several days, grew them in the additional pres- 
ence of PDGF plus TH for 3 more days, purified the 04 + GalC~ 
cells, and analyzed their differentiation potential in clonal cul- 
tures. Extending the previous expansion period in FGF in this 
manner resulted in a higher percentage of the cells in the culture 
remaining 04~, thus allowing the study of this population also. 

Cloned 04 + GalC ~ cells derived from GRP cells expressed the 
bipotentiaJ differentiation characteristics associated with 02A/ 
OPCs. When grown in conditions that induced generation of 
astrocytes, 04 H "GalC~ cells derived from GRP cells exhibited 
the typical differentiation response of 02A/OPCs. In the pres- 
ence of 10% FCS, the only astrocytes generated in 21 of 22 clones 
derived from 04 + GalC~ cells were type-2 astrocytes (i.e., 
A2B5 + GFAP + stellate cells; Table 1 and Fig. 1A). Only one 
clone generated type-l-like astrocytes (i.e., A2B5~GFAP + cells 
with a fibroblast-like morphology), a frequency low enough to be 
consistent with the possibility that this one clone had been mis- 
labeled at the beginning of the experiment. This outcome was 
very different from that obtained with GRP cells themselves, 
clones of which generate a combination of type-1 and type-2 
astrocytes in these conditions (Rao et aL, 1998). Moreover, the 
04~GalC~ cells that remained after the purification process 
were still tripotential, emphasizing that the acquisition of bipo- 
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tentiality was a specific event and not merely associated with 
aging, even in conditions that promote the transition to a bipo- 
tentiaJ phenotype. When grown in the presence of 10% FCS, 
04 "GalC cells generated clones containing a mixture of type-1 
and type-2 astrocytes (Table 1 and Fig. IB), and thus behaved as 
GRP cells. In contrast to this difference with respect to astrocyte 
induction, both 04 + GaJC~ and 04~GalC" cell-derived clones 
contained oligodendrocytes when grown in the presence of 
PDGF plus TH. 

The simplest explanation of the data obtained in the above 
experiments is that GRP cells can generate 04 + GalC~ cells that 
exhibit in vitro the defining bipotential differentiation restriction 
of 02A/OPCs. The results also indicate that generation of such 
bipotential cells is an environmentally regulated differentiation 
event, for which PDGF and TH represent potent inducing agents. 

GRP cells can be isolated from both ventral and dorsal 
E13.5 spinal cord 

A critical component of the current understanding of oligoden- 
drocyte development in vivo is that specific precursor cells for 
oligodendrocytes first appear in the ventral spinal cord (Warf et 
ah, 1991; Pringle and Richardson, 1993; Fok-Seang and Miller, 



Figure 1. GRP-derived 04 * cells are bi- 
potential and represent 02A/OPC-like 
cells. Freshly i isolated GRP cells were 
grown for 3 weeks in defined medium in 
the presence of bFGF and then switched to 
a medium supplemented with bFGF and 
TH; after 5 i cultures were stained with 
the 04 antibody (see Materials and Meth- 
ods). Cells were then dislodged from the 
surface and plated at clonal density in poly- 
L-rysine-coated dishes. Single 04 *** cells 
were circled. After 3 d in culture, cells were 
exposed to medium supplemented with 
bFGF and 10% FCS. (Parallel experiments 
using BMP4 instead of FCS yielded iden- 
tical results.) After 5 d, clones were stained 
with A2B5 (rhodamine), anti^GFAP (fluo- 
rescein), and anti-GalC (couraarin) anti- 
bodies. The coumarin staining is not shown 
because none of the clones contained any 
GalC + oligodendrocytes in this condition. 
A, Clone derived from a single 04 + GalC ~ 
cell. The progeny from 04 + founder cells 
consists exclusively of A2B5/GFAP double- 
positive cells, consistent with the antigenic 
phenotype of type-2 astrocytes. B, Clone 
derived from a single 04~GalC~ cell. The 
progeny from 04 ~ founder cells consists of 
A2B5/GFAP double-positive type-2 astro- 
cytes and A2B5~GFAP + cells, represent- 
ing type-1 astrocytes (indicated by arrows). 

1994; Timsit et al., 1995; Hall et al., 1996; Miller, 1996; Rogister 
et ah, 1999; Richardson et al., 2000; Spassky et ah, 2000). We 
subsequently determined whether GRP cells are selectively local- 
ized in the ventral spinal cord at or before the time when putative 
oligodendrocyte precursor cells first appear ventral Jy. Because 
previous studies have shown that GRP cells are already present at 
E13.5 (Rao et al., 1998), we microdissected dorsal and ventral 
portions of the E13.5 cord to determine the regional distribution 
of GRP cells; this is a half day earlier than the earliest reported 
appearance of specific oligodendrocyte precursor cells, as defined 
by expression of the PDGF receptor (Hall et ah, 1996). Freshly 
isolated cells from dorsal and ventral cord were immunolabeled 
with A2B5 antibody, purified by fluorescence-activated cell sort- 
ing, and plated at clonal density on grid dishes in different 
conditions as described below. In three independent experiments, 
the dorsal spinal cord consistently contained an average of 19 ± 
8% A2B5 + cells, whereas the ventral portion contained an aver- 
age of 52 ± 7% A2B5 + cells. Thus, although the ventral cord 
contained a higher proportion of A2B5 + cells than did the dorsal 
cord, such cells were found in both regions of the cord. 

To determine whether dorsal- and ventral-derived A2B5 + cells 
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were GRP cells, the A2B5 + clones were first grown in the 
presence of bFGF until they reached a size of 10-20 cells. 
Astrocytic differentiation was then induced by exposing cultures 
for 3 d to 10% FCS. All clones contained both A2B5~GFAP + 
type-1 astrocytes and A2B5 + GFAP + type-2 astrocytes indepen- 
dent of their site of isolation. Thus, these cells were typical of 
GRP cells in their ability to generate two distinct astrocyte 
populations. Generation of oligodendrocytes was also possible 
with both ventral- and dorsal-derived cells, as discussed in the 
following section. 

GRP cells derived from both the ventral and dorsal 
El 3.5 spinal cord can generate 02A/OPCs, 
oligodendrocytes, and astrocytes 

Because expression of PDGF receptor-a in the E14 spinal cord 
has been interpreted to be an indication of a preferential ventral 
origin of oligodendrocytes (Pringle and Richardson, 1993; Hall et 
al., 1996), we asked whether ventral- and dorsal -derived GRP 
cells differed in their ability to generate 02A/OPCs and/or oli- 
godendrocytes. GRP cells were isolated from ventral or dorsal 
E13.5 spinaJ cord as described in the preceding section. Freshly 
isolated cells were plated at a low density on coverslips in the 
presence of FGF and exposed to conditions (PDGF plus TH) that 
would induce the transition into 02A/OPCs (as determined 
previously) or to conditions that would potentially inhibit a tran- 
sition into 02A/OPCs. As a potential inhibitor molecule, we used 
bone morphogenetic protein-4 (BMP4), which has been shown to 
inhibit oligodendrocyte generation (Mabie et al., 1997; Grinspan 
et al., 2000; Mehler et al., 2000; Zhu et al., 2000) and is present 
in the embryonic neural tube (D'Alessandro and Wang, 1994; 
Barth et al., 1999; Grinspan et al., 2000; Liem et al., 2000). After 
3 d of in vitro growth in the condition discussed, cells were stained 
with the 04 monoclonal antibody and with anti-GalC and anti- 
GFAP antibodies. 

In the presence of PDGF and TH, cells from both the dorsal 
and ventral spinal cord were able to generate 04 + GaJC~ cells 
with equal frequencies but differed with respect to oligodendro- 
cyte generation (Fig. 2). Specifically, 88 ± 6% of dorsal-derived 
cells were 04 + GalC~, 3 ± 2% were GalC + oligodendrocytes, 
and 3 ± 2% were GFAP + astrocytes. In contrast, 74 ± 9% of 
ventral-derived cells were 04 + GalC~, 28 ± 5% were GalC + 
oligodendrocytes, and 2 ± 1% were GFAP + astrocytes. Thus, 
although both dorsal and ventral cells were able to generate 
02A/OPCs, only ventral-derived cells generated a significant 
number of GalC + oligodendrocytes over a 5 d time period. The 
lack of oligodendrocytes in dorsal cultures is not likely to be 
attributable to preferential cell death, because the total number of 
cells was not different in dorsal and ventral cultures (327 ± 8 and 
326 ± 38. respectively). In addition, dorsal -de rived cells demon- 
strated an equal ability to eventually generate oligodendrocytes. 
If cultures were examined after 10 d in the presence of TH, 
instead of after 5 d, then 69 ± 15% of the ventral cells and 73 ± 
3% of dorsal cells were oligodendrocytes (data not shown). 

Differences between dorsal- and ventral -de rived GRP cells 
were also observed in response to BMP4. When dorsal- or 
ventral-derived GRP cells were grown in the presence of BMP4 
in concentrations ranging from 1 to 100 ng/ml over 3 d, we 
observed that BMP4 promoted the generation of astrocytes in 
both dorsal and ventral cells (Fig. 3). At a low BMP concentration 
(1 ng/ml), ventral cells were more likely to differentiate into 
astrocytes than were dorsal cells (45 ± 4% vs 14 ± 4%, respec- 
tively). The preferential generation of GFAP + cells in ventral 
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Figure 2 Both dorsal- and ventral-derived GRP cells generate 
04*GalC~ cells. A2B5 + cells were isolated from either the dorsal or 
ventral spinal cord of E13.5 rat embryos and plated in the presence of 
bFGF supplemented with PDGF plus TH (P + TH) for 7 d. Dorsal and 
ventral cultures were then stained with 04, anti-GalC, and anti-GFAP 
antibodies. Both dorsal- and ventral-derived cultures generated compara- 
ble numbers of 04 + precursor cells. However, GaJC + oligodendrocytes 
were found predominantly in ventral-derived GRP cell cultures. Only a 
small fraction of both dorsal and ventral cultures gave rise to GFAP + 
astrocytes. Two independent experiments examining six data points for 
each condition revealed comparable results. 

cultures was a transient phenomenon, in that only in dorsal- 
derived cultures did these numbers increase over the next several 
days (as discussed in the following paragraph). The addition of 10 
ng/ml BMP had an identical effect on ventral and dorsal cells 
(48 ± 3% and 54 ± 7% astrocytes, respectively). The most 
dramatic difference between ventral and dorsal cells was observed 
at high BMP doses (100 ng/ml). In this condition, ventral cells 
responded with cell death rather than cell differentiation. In 
contrast, dor sal -de rived GRP cells differentiated almost com- 
pletely into astrocytes when exposed to 100 ng/ml BMP4. 

Because BMP4 at 1 ng/ml revealed differences between dorsal- 
and ventral-derived GRP cells in the absence of toxicity, we 
subsequently examined the generation of 04 + GalC~ cells in this 
culture condition (Fig. A A). Cells were plated at a low density on 
coverslips in the presence of FGF and BMP4 (1 ng/ml) and 
examined after 7 d to allow for the generation of 04 + GalC ~ cells 
and /or GalC" oligodendrocytes. In cultures of GRP cells derived 
from dorsal spinaJ cord, the majority of cells (87 ± 8%) differ- 
entiated into GFAP + astrocytes, and only 12 ± 7% of the cells 
were 04 + GalC~. We did not observe any GalC + oligodendro- 
cytes in these cultures. In contrast, when ventral-derived cells 
were exposed to 1 ng/ml BMP for 7 d, 47 ± 8% differentiated into 
astrocytes (as observed for 3 d time point discussed previously) 
and 52 ± 7% of the cultures consisted of 04 + GalC ~ cells. Again, 
we did not observe any GalC + oligodendrocytes. Thus, BMP4 
exposure was associated with a strikingly more significant de- 
crease in the number of 04 + GalC~ cells in dorsal- than in 
ventral-derived GRP cells. 

We subsequently determined whether the addition of TH, a 
potent inducer of the generation of 04 + GalC~ cells and/or 
oligodendrocytes, could counteract the effects of BMP4 (Fig. 4J9). 
Dorsal and ventral cells were exposed to BM P at 1 ng/mj in the 
presence of TH at 50 nM for 7 d before the cultures were labeled 
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Figure 3. BMP4 induces differentiation of astrocytes from 
dorsal- and ventral -derived A2B5 + cells in a dose-dependent 
manner. A2B5 cells, isolated from either the dorsal or 
ventral spinal cord of E13.5 rat embryos, were plated at a low 
density in the presence of bFGF and increasing concentra- 
tions of BMP4 (0.1-100 ng/ml). After 3 d, cultures were 
labeled with anti-GFAP antibodies and the number of astro- 
cytes was determined. Whereas dorsal cultures exhibited a 
continuous, dose-dependent increase in the number of 
GFAP + astrocytes, ventral-derived GRP cells generated sig- 
nificantly more astrocytes at lower doses of BMP (1 ng/ml) 
at this time point, and higher doses of BMP4 (100 ng/ml) 
proved to be lethal to ventral-derived GRP cells. 



100 
901 
80 
70 
60 i 
50 
40- 
30- 
20 
10 
0 



BMP 



100" 
90- 


BMP + TH 


■ Dorsal 
□ Ventral 


80- 






70- 






60- 






50. 
40. 












30- 








20- 








io- 
o ■ 









04 



cell types 



GalC 



04 



GalC 



cell types 



with 04, anti-GalC, and anti-GFAP antibodies. As shown in 
Figure 4B, the addition of TH had little or no effect on the 
generation of 04 + GaJC~ cells in both dorsal and ventral cul- 
tures. However, we did detect a small but significant increase 
(p < 0.002) in the number of GalC" 1 " oligodendrocytes specifi- 
cally in the ventral -de rived cells. This effect was not seen in 
dorsal -derived cultures. 

GRP cells can be generated from dorsal and ventral 
neuroepithelial stem cells of the E10.5 spinal cord 

Our results thus far demonstrate that there is a dorsal -ventral 
gradient in GRP cell distribution in the spinal cord of the E13.5 
rat, and that dorsal- and ventral-derived GRP cells are dissimilar 
in their abilities to generate oligodendrocytes over short time 
periods in vitro. In addition, these two populations differ in their 
response to BMP. Because GRP ceils themselves are derived 
from neuroepithelial stem cells (NSCs) (Rao and Mayer- 
Proschel, 1997), we subsequently determined whether dorsal- and 
ventral-derived NSCs differed in their capacity to generate GRP 
cells. 

In these experiments, E10.5 spinal cord [at which time point all 
cells are NSCs (Kalyani et al., 1997)] was microdissected into 
dorsal and ventral regions. Dissociated cells were plated at clonal 
density on fib ronect in /I am in in -coated grid dishes in the presence 



Figure 4. Differential effects of BMP4 on dorsal- and 
ventral-derived GRP cells. GRP cells were isolated from 
either the dorsal or ventral spinal cord of E13.5 rat embryos 
and plated at a low density in the presence of FGF and 
BMP4 (A) (1 ng/ml) or FGF, BM P4 (1 ng/ml), and TH (£). 
To allow for oligodendrocyte generation, cultures were ex- 
amined after 7 d for the presence of 04 ""GalC ~ precursor 
cells or GalC + oligodendrocytes. Although GalC + oligoden- 
drocytes were only found in ventral GRP cell cultures con- 
taining TH, both dorsal- and ventral-derived cultures con- 
tained 04 + GalC~ precursor ceils. In the presence of BMP, 
the ability of dorsal GRP cells to generate 04*GalC~ pre- 
cursor cells was lower than that of ventral-derived cultures; 
this was not changed by the addition of TH. 



of 10 ng/ml bFGF and embryonic chick extract (CEE), a condi- 
tion that prevents differentiation of NSCs (Kalyani et al., 1997). 
After 3 d in culture, when clones reached a size of 20-50 cells, 
CEE was removed to allow the clones to differentiate into lineage- 
restricted precursor cells (Kalyani et al., 1997; Mayer-Proschel et 
al., 1997; Rao and Mayer-Proschel, 1997). After 5 d in the absence 
of CEE, clones were stained with A2B5 antibody and the number 
of clones containing A2B5 + cells was determined. 

Both dorsal- and ventral-derived NSCs generated A2B5 + cells 
with a similar efficiency. From a total number of 175 ventral- 
derived NSC clones, 152 (i.e., 87%) contained A2B5 + cells after 
5 d of in vitro growth. Similarly, 200 of 213 (84%) dorsal -de rived 
NSC clones cell clones contained A2B5 + cells at this time point. 
Analysis of the differentiation potential of A2B5 + cells derived 
from dorsal and ventral NSCs confirmed that these cells ex- 
pressed the differentiation characteristics of GRP cells (Table 2). 
These experiments were performed as described previously (Rao 
and Mayer-Proschel, 1997). Briefly, clones were stained with 
A2B5 as live cells and single clones were picked and replated into 
grid dishes. Single A2B5 + cells were marked and expanded in 
the presence of bFGF. After clones reached a size of 20-40 
cells (5 d), they were switched to 10% FCS to generate astro- 
cytes. After 7 d, clones were stained with A2B5 and anti- 
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Figure 5. Sequential lineage restriction in the glial lineage 
of the CNS. A side-by-side comparison of the salient features 
of two lineage-restricted glial precursors of the CNS is 
shown- The evidence presented here strongly suggests a 
progressive and sequential transition from the tripotential 
GRP cell to the bipotential 02A/OPC. In the developing 
spinal cord, it currently seems most likely that this transition 
is controlled in a temporal and spatial pattern and is regu- 
lated by cell -extrinsic signaling molecules (Pringle et al., 
1992; Rao and Mayer-Proschel, 1997; Rao et al., 1998). 
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GFAP antibodies. All astrocyte-containing clones always con- 
tained a mixture of type-1 and type-2 astrocytes, regardless of 
whether they were generated in dorsal- or ventral-derived cul- 
tures and whether they were generated in response to FCS (or 
BMP, data not shown). A smaller number of clones consisted of 
A2B5 + ceils only, and none of these clones contained oligoden- 
drocytes. (Table 2). In contrast, exposure of clones to PDGF plus 
TH for 10 d was associated with oligodendrocyte generation in all 
clones. Although differences were not striking, significantly more 
ventral clones generated oligodendrocytes than did dorsal clones 
over this time period (35 ± 1% vs 25 ± 2%, respectively; p < 
0.02). 

DISCUSSION 

One of the essential challenges that arises with the discovery of 
any new precursor cell population is to determine how these cells 
might be integrated into (or might alter) existing views on tissue 
development. In the present studies on the tripotential GRP cell 
of the embryonic rat spinal cord, we have found that this recently 
discovered novel glial precursor cell can generate progeny with 
the antigenic phenotype and differentiation characteristics of 
bipotential 02A/OPCs. This process is regulated by cell- 
exogenous signaling molecules, with growth in the presence of 
PDGF plus TH being particularly effective in promoting such 
differentiation. In contrast to previous suggestions that putative 
oligodendrocyte precursor cells are localized in ventral regions of 
the El 4 spinal cord (Warf et al., 1991; Pringle and Richardson, 
1993; Fok-Seang and Miller, 1994; Timsit et al., 1995; Hall et al., 
1996; Miller, 1996; Rogister et al., 1999; Richardson et al., 2000; 
Spassky et al., 2000), GRP cells could be isolated from both the 
dorsal and ventral cord of El 3. 5 rats. However, there were dif- 
ferences between dorsal- and ventral-derived GRP cells in their 
response to conditions that promote or inhibit generation of 
02A/OPCs or oligodendrocytes, with ventral-derived GRPs ex- 
hibiting a greater propensity to differentiate along the oligoden- 
drocyte lineage. 

The demonstration that GRP cells can yield 02A/OPCs inte- 
grates these two glial precursor cell populations for the first time 
and indicates that their relationship is one of sequential lineage 
restriction rather than being independent precursors that gener- 
ate oligodendrocytes. In light of our present studies, the simplest 
model of oligodendrocyte generation that appears to be consis- 
tent with all available data would be that production of these cell 
types requires the initial generation of GRP cells from NSCs 
followed by the generation of 02A/OPCs from GRP ceils (Fig. 
5). Our previous studies (Rao and Mayer-Proschel, 1997; Rao et 
al., 1998) indicated strongly that GRP cells are a necessary 
intermediate between NSCs and differentiated glia, and our 
present studies raise the possibility that 02A/OPCs are a neces- 



sary intermediate between GRP cells and oligodendrocytes. De- 
spite the fact that both GRP cells and 02A/OPCs are A2B5 + , it 
seems unlikely that the 04 + GalC~ cells studied in our in vitro 
experiments were derived from a subset of A2B5 + 04 ~ bipoten- 
tial 02A/OPCs present in the original GRP cell culture. In our 
previous characterizations of GRP cells derived from E13.5 spi- 
nal cords, we consistently failed to find clones that gave rise 
exclusively to type-2 astrocytes when exposed to 10% FCS, even 
when cells were serially recloned three times over a period of 
several weeks (Rao et al., 1998). Moreover, analysis of hundreds 
of putative GRP cell clones thus far has failed to reveal clones 
that generate only type-2 astrocytes when exposed to FCS or 
BMPs (Mayer-Proschel, unpublished observations). Thus, it ap- 
pears that the generation of cells with the characteristics of 
02A/OPCs is a differentiation event that requires exposure of 
GRP cells to appropriate inductive signals, such as PDGF plus 
TH. Moreover, we could find no GalC + 04 ~ oligodendrocytes in 
any conditions, which would have at least raised the possibility 
that oligodendrocytes might be generated directly from GRP 
cells. Such results are consistent with previous observations that 
passage through an 04 + GalC~ stage of development is required 
for oligodendrocyte generation from bipotential 02A/OPCs 
(Gard and Pfeiffer, 1990, 1993; Gard et al., 1995). Our data are 
also consistent with other studies indicating that 04 + GalC ~ cells 
are bipotential (Trotter and Schachner, 1989; Barnett et al., 1993; 
Grzenkowski et al., 1999). 

It remains formally possible that GRP cells might be able to 
generate oligodendrocytes without passage through an interme- 
diate 02A/OPC stage, or that NSCs could generate 02A/OPCs 
without going through a GRP cell stage. Nonetheless, it is im- 
portant to stress that no data exist to support the possibility that 
02A/OPCs are directly generated from NSCs or that oligoden- 
drocytes are directly generated from either NSCs or GRP cells. 
Thus, the developmental pathway we suggest is at present the 
only one supported by experimental observations. 

It is of particular interest to find that ventral -derived GRPs 
seem to differ from dorsal cells in such a manner so as to have an 
increased probability to generate 02A/OPCs and /or oligoden- 
drocytes, even in the presence of BMP. Thus, it may prove 
necessary not only to study GRP cells but also to focus attention 
on ventral-derived GRP cells to understand the mechanism of 
action of those factors that eventually lead to oligodendrocyte 
generation. It will be of considerable interest to determine 
whether these differences are intrinsic to ventral- or dorsal- 
derived GRP cells or are acquired as a consequence of exposure 
to particular environmental signals. It also will be of interest to 
determine whether the 02A/OPCs generated from dorsal and 
ventral GRP cells themselves differ in their responsiveness to 
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inducers of oligodendrocyte generation, an interpretation that 
would be consistent with our data (Fig. 4B). In addition, our 
observation that the responsiveness of GRP cells to PDGF plus 
TH as promoting signals of 02A/OPC and oligodendrocyte gen- 
eration may decrease with increased GRP cell expansion in vitro 
is reminiscent of our previous findings that 02A/OPCs expanded 
for continued periods become less responsive to PDGF as a 
mitogen (Bogler et al, 1990). Although the biological implica- 
tions of this observation with respect to GRP cell biology require 
additional investigation, this result does emphasize the impor- 
tance of expanding precursor cell populations in vitro as mini- 
mally as possible in studies on the function of exogenous signaling 
molecules. 

It is important to consider the question of whether all previous 
studies attempting to define the early origin of the oligodendro- 
cyte lineage have in fact been describing early differentiation 
events affecting GRP cells. It is clear from our previous work that 
GRP cells can express the PDGFR without losing their tripoten- 
tial character (Rao et al., 1998). In addition, our ongoing work 
(Proschel, Gass, and Mayer-Proschel et al., unpublished observa- 
tions) is demonstrating that GRP cells can also be NG-2 + and 
GD3 + , two other antigens that have been used in studies on 
02A/OPCs (Mayer-Proschel, unpublished observations). More- 
over, it currently appears that GRP cells are the dominant (if not 
exclusive) A2B5 + cell population in the spinal cord until as late 
as E17 (Mayer-Proschel, unpublished observations). Thus, it is 
beginning to seem likely that events such as expression of PDGFR 
in ventral A2B5 + cells may reflect a differentiation process in 
GRP cells rather than the transition to being an 02A/OPC. 
Analyzing the early stages of generation of 02A/OPCs from 
GRP cells, whether in vitro or in vivo 7 will require identification of 
a marker that can be used to antigenically distinguish GRP cells 
from the A2B5 + 04 ~ stage of 02A/OPCs. As indicated, none of 
the markers currently available seem to enable this distinction. 

The field of developmental neurobiology is in the early stages 
of determining the relationship between different lineage- 
restricted precursor cells in the CNS, and our present experi- 
ments represent a critical step in determining whether GRP cells 
may be the ancestors of all glial populations of the spinal cord. 
Our present observations are consistent in two ways with such a 
suggestion. First, if this hypothesis were to be correct, then GRP 
cells should be able to give rise to 02A/OPCs (as we have found). 
We also would anticipate that GRP cells would be found in both 
the dorsal and ventral cord, although they may generate different 
progeny in these two regions. In future studies, it will be impor- 
tant to discover whether precursor cells with the properties of 
GRP cells also exist in other regions of the CNS. In addition, it 
will be important to determine whether other progeny of GRP 
cells include the A2B5 + astrocyte precursor cells present in 
embryonic (E17) spinal cord and originally described by Fok- 
Seang and Miller (1992, 1994), the putative astrocyte precursor 
cells from the embryonic mouse cerebellum described by Seid- 
raan et al. (1997), the astrocyte precursor cells described by Mi 
and Barres (1999), or the pre-02A progenitor cell described by 
Grinspan et al. (1990). In addition, it is of importance to deter- 
mine whether the developmental inter- relationships that seem to 
exist in the spinal cord also apply to development of the brain. By 
identifying the relationship between these developmental path- 
ways and the signals responsible for these transitions, we will 
move closer to a comprehensive understanding of glial develop- 
ment in the CNS. 
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4. I am a co-author of Kirschenbaum, et. al., Vitro Neuronal Production and 
Differentiation by Precursor Cells Derived from the Adult Human Forebrain," Cerebral Cortex 6: 
576-89 (1994) ("Kirschenbaum"). 
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5. The study described in Kirschenbaum was carried out in my laboratory and I 
was the senior, supervising scientist on the study; therefore, I fully understand this work. 
Kirschenbaum cultures samples of adult temporal lobes under conditions suitable for neuronal 
differentiation, while exposed to 3 H-thymidine. These samples were incubated for 7-28 days, 
stained for neuronal and glial antigens, and autoradiographed. Neuron-like cells were found in 
explant outgrowths and monolayer dissociates of the subependymal zone and periventricular white 
matter but not the cortex. A small number of Map-2 + and Map-5 + /glial fibrillary acidic protein" cells 
did incorporate 3 H-thymidine, suggesting neuronal production from precursor mitosis. However, the 
04 + oligodendrocytes were postmitotic. Even though the abstract of Kirschenbaum states that "04 + 
oligodendrocytes, although the predominant cell type, were largely postmitotic (emphasis in 
original)", I said this only because I am generally reluctant to make conclusions in absolute terms. 
Nevertheless, it is clear from the following statement on page 582 of Kirschenbaum that, in fact, all 
of the oligodendrocytes were post-mitotic: 

These 04 + /GFAP ± cells were mitotically quiescent; among a sample of 8044 such cells, 
culled from four plates of subcortical white matter (201 1 ± 858.6 04 + cells/plate, mean ± 
SD), none incorporated 3 H-thymidine in vitro, despite the frequent observation of H- 
thymidine-labeled astrocytes in the same plates (emphasis in original). 

The failure of the Kirschenbaum study to identify mitotic oligodendrocyte progenitor cells caused 
me to continue working to identify and produce such cells. These efforts were ultimately successful 
in producing the invention of the present application. 

Bottenstein Patent 

6. U.S. Patent No. 5,276,145 to Bottenstein ("Bottenstein") is directed to substantially 
purified preparations containing a neural progenitor regulatory factor that is important in regulating 
and coordinating production of oligodendrocytes and type 2 astrocytes. The identification of this 
factor was carried out with brain cells derived from neonatal rats of 1-3 days of age. These cells 
represented a mixture of cell types, that included "progenitors", "Type 2 Astrocytes", "Early 
Oligodendrocytes", "Late Oligodendrocytes", "Total Oligodendrocytes", "Type 1 Astrocytes", and 
"Microglia". 

7. There are fundamental differences between the biology of rat and human 
oligodendrocyte progenitor cells. These are unaddressed in Bottenstein, which discusses findings 
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limited to neonatal rat brain. Whereas rat oligodendrocytes appear to retain mitotic potential, human 
oligodendrocytes do not (see Kirschenbaum). As a result, the oligodendrocyte progenitor cell of the 
rat brain cannot be considered homologous to its human counterpart. In particular, methods that 
permit the selective extraction and/or growth of oligodendrocyte progenitors from the rat brain do 
not differentiate between oligodendrocyte progenitor cells and mature oligodendrocytes able to re- 
enter the mitotic cycle. In humans, these constitute two discrete phenotypes, lineally related but 
temporally distinct. Our present invention teaches the selective acquisition of a highly enriched — to 
virtual purity - mitotically-competent oligodendrocyte progenitor cell pool, operationally separate 
and distinct from post-mitotic or mature oligodendrocytes. 

8. Bottenstein was directed at the enrichment of glial progenitor cells from newborn rat 
brain. Newborns have an abundant population of still-developing oligodendrocyte progenitor cells 
that may constitute a significant fraction of all of the cells in neonatal brain tissue. Bottenstein 
reported that >30% of the cells of its tissue dissociates expressed the marker of this phenotype. With 
the addition of B 104 conditioned media and the neural progenitor regulatory factor, this fraction 
increased to just over 40%. The nature of these cells is that of a still-mixed pool, in that the 
following populations appear to be represented by Bottenstein' s data: astrocytes, oligodendrocytes, 
and a mixture of oligodendrodendroglial lineage cells of widely different developmental stages. 

9. In contrast to the cells acquired from newborn rats using the Bottenstein protocol, the 
present invention is achieved with a procedure that permits, in both young and old humans, the 
selective extraction of progenitor cells strongly biased to oligodendrocytic phenotype, and allows the 
purification of these cells, including those from tissues in which they are scarce (e.g., postnatal and 
adult brain tissues harboring <1% of the desired oligodendrocyte progenitor cell type). In Example 5 
of the present patent application, we reported the virtual purification of oligodendrocyte progenitor 
cells from tissues with a P/CNP2 promoter-targeted FACS-defined incidence of <1%. This 
constituted a far greater enrichment of the oligodendrocyte progenitor cell (i.e. 170-fold) than that 
achieved by Bottenstein (i.e. less than 1 .5-fold) and yields a far more pure product of 
oligodendrocyte progenitor cells. 

10. In contrast to Bottenstein, the human oligodendrocyte progenitor cell populations 
achieved through our protocols are virtually pure as to phenotype. Compare Figure 5B to its control, 
Figure 5A. In Figure 5A, the gated single cell represents the false-positive sort incidence. Such 
incidences constitute <1% of the frequency of events noted in Figure 5B, indicating >99% purity of 
the P/CNP2:hGFP-sorted oligodendrocyte progenitor cells. This can be modulated as a function of 
sort speed to achieve any desired degree of purity, the trade-off being lower yields as higher degrees 
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of purification are achieved. By virtue of the high-purity extraction attainable by fluorescence- 
activated cell sorting, the progenitor cells we produce are never exposed to paracrine factors released 
by other cells, after removal from tissue. This permits their maintenance in an undifferentiated and 
phenotypically-unbiased state, in contrast to the mixed cellular milieu afforded by Bottenstein, in 
which non-oligodendrocytic and non-glial progenitor-derived phenotypes remain abundant. 

11. As a result of these considerations, the selective propagation of mitotically-active 
oligodendrocyte progenitor cells from the neonatal rat brain, as taught by Bottenstein, does not 
predict the successful isolation of mitotic oligodendrocyte progenitor cells from postnatal or adult 
human brain tissue. 

12. I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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Exhibit 1) clearly demonstrate the strong astrocytic bias of their cells, which generated few, if 
any, oligodendrocytes. 

6. There are fundamental differences between the lineage restriction and 
potential of neonatal and adult oligodendrocyte progenitor cells (Noble et al., "The 02A (Adult) 
Progenitor Cell: A Glial Stem Cell of the Adult Central Nervous System," Seminars in Cell Biol. 
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Medicine (January, 2004) (in press), attached hereto as Exhibit 3, which has been accepted for 
publication (see attached Exhibit 4)). These biological differences between perinatal and adult 
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7. Rat oligodendrocyte progenitors are neither biologically nor 
phenotypically homologous to human oligodendrocyte progenitor cells. Specifically, rat 
oligodendrocyte progenitors and oligodendrocytes both express the antigenic marker recognized 
by monoclonal antibody 04. In contrast, this marker is expressed by human oligodendrocytes 
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Mitotic Oligodendrocyte Progenitor Cells From the Adult Human Subcortical White Matter," J. 
Neurosci. 19: 9986-95 (1999) ("Roy, 1999"), attached hereto as Exhibit 6). As aresult, human 
oligodendrocyte progenitor cells cannot be acquired through the use of 04 as a selection marker, 
and 04-defined human oligodendroglial cells cannot act as mitotically-competent progenitor 
cells. This is in sharp distinction to the rat brain, in which the use of this marker can identify 
oligodendrocyte progenitors. Neither Rao nor Bottenstein recognized the non-applicability of 
this marker to the separation of human oligodendrocyte progenitor cells. In humans, mitotic cells 
biased strongly towards the oligodendrocyte lineage are instead recognized by the antigenic 
phenotype 047PSA-NCAM7A2B5 + , which comprise a distinct subpopulation in which the 
CNP2 promoter is transcriptionally activated (Roy, 1999; Windrem et al., "Progenitor Cells 
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It has traditionally been held that the adult brain is 
incapable of significant self-repair due in part to its 
inability to generate new neurons. Nevertheless, ro- 
dents and birds have been found to harbor neural pre- 
cursor cells in adulthood. We asked whether the adult 
human brain might retain such precursors, by culturing 
samples of temporal lobe under conditions permissive 
for neuronal differentiation, while exposed to ^-thy- 
midine. Adult human temporal lobe cultures, derived 
from cortex, subcortex, and periventricular subepen- 
dymal zone (SZ), were incubated for 7-28 d, stained for 
neuronal and glial antigens, and autoradiographed. 
Neuron-like cells were found in explant outgrowths 
and monolayer dissociates of SZ and periventricular 
white matter, but not cortex; they expressed neuronal 
antigens including MAP-2, MAP-5, NF, and N-CAM, and 
were GFAP . Neurons responded to K depolarization 
with rapid and reversible increases in intracellular 
Ca 2+ , with much greater increments than those noted 
in glia. Although most neurons were not 3 H-thymidine 
labeled, a small number of MAP-2 + and MAP-5 /GFAP 
cells did incorporate 3 H-thymidine, suggesting neuronal 
production from precursor mitosis. Rare 3 H-thymidine + 
neurons were also found in cultures of subventricular 
white matter; in these, GFAP + astrocytic mitogenesis 
was common, while 04 + oligodendrocytes, although 
the predominant cell type, were largely postmitotic. 
Thus, the adult human forebrain harbors precursor cells 
that retain the potential for neuronal production and 
differentiation in vitro. 



Among adult mammals, forebrain neurogenesis is 
highly restricted, both spatially and phylogenetically 
(Altman and Das, 1966; Korr, 1980; Sturrock, 1982), 
and has not previously been found in primates (Rak- 
ic, 1985; Eckenhoff and Rakic, 1988). In contrast, neu- 
rogenesis is widespread and robust in the adult song- 
bird telencephalon, which continues to generate 
neurons from mitotic ependymal or subependymal 
(SZ) precursor cells (Goldman and Nottebohm, 
1983). [In the adult songbird, it remains unclear 
whether the precursor cell resides in the ventricular 
ependyma or one cell below, in the subependyma. As 
a result, our use of the abbreviation SZ in this article, 
for all species discussed, encompasses both the nom- 
inally denned ependymal and subependymal layers 
(Boulder Committee, 1970)]. Like the songbirds, low- 
er vertebrates including both teleost fish (Anderson 
and Waxman, 1985) and lizards (Lopez-Garcia et al., 
1988) have been shown to exhibit persistent neuro- 
genesis in adulthood. We previously established a 
preparation by which neurogenesis could be studied 
in long-term explant cultures of the adult songbird 
forebrain (Goldman, 1990). In these explants, the 
number of neurons generated in vitro varied as an 
inverse function of the serum level, indicating that 
serum might harbor or induce factors that are anti- 
mitogenic for SZ precursor cells (Goldman et al., 
1992b). On this basis, we postulated that the lack of 
neuronal production by non-neurogenic adult brain 
might result not from an absence of appropriate pre- 
cursors, but rather from their tonic inhibition by ei- 
ther serum-borne or hormonally stimulated, locally 
derived agents. 

Recent reports have demonstrated the presence of 
such neuronal precursor cells in cultures derived 
from adult brain. Reynolds and Weiss (1992) reported 
epidermal growth factor (EGF)-stimulated neuroge- 
nesis in cultures of the adult mouse striatum, while 
Richards et al. (1992) also described neuronal pro- 
duction in cultures of the adult mouse forebrain, un- 
der the influence of basic fibroblast growth factor 
(bFGF). Ronnett et al. (1990) observed the prolifer- 
ation of neural cells derived from megalencephalic 
human brain; however, the transformation state and 
functional capability of these cells are unclear. Al- 
though the source of the neuronal precursors was 
not established in these reports, the characteristic 
pattern of ventricular zone neurogenesis in mam- 
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Figure 1. Adult human temporal lobe was obtained from refractory epileptics during anterior temporal lobectomy. This drawing shows a coronal section at a level 
roughly corresponding to the average posterior border of these resections. The borders of a typical inferior temporal lobe sample {typically from the nondominant 
hemisphere) are outlined as drawn. This includes the anterior aspect of the parahippocampal gyrus, temporo-occipital portion of the inferior temporal gyrus, and 
in some cases the hippocampus itself, all underlying the inferior aspect of the temporal horn of the lateral ventricle. From each resection, tissue pieces were 
dissected into cortical, subcortical, and SZ samples, the latter including both the ependymal surface and adjacent subependymal zone. 



malian embryogeny, as well as in the adult avian 
brain, suggested that neuronal precursors may reside 
in the adult mammalian forebrain SZ. Indeed, SZ cells 
continue to divide in the adult mouse brain, but their 
progeny generally die within 24 hr after mitosis 
(Morshead and van der Kooy, 1992), although some 
degree of neuronal differentiation and survival may 
occur, particularly among cells destined for the olfac- 
tory bulb (Altman and Das, 1966; Kaplan and Hinds, 
1977; Corotto et al., 1993; Luskin, 1993). In contrast, 
once removed into explant culture, the adult murine 
SZ demonstrates both the migration and differentia- 
tion of newly generated neurons (Lois and Alvarez- 
Buylla, 1993). These results suggested the persistence 
in adults of an SZ progenitor cell population, which 
remains actively neurogenic in selected groups and 
brain regions, but which more generally becomes 
vestigial, yielding short-lived or rare progeny. On this 
basis, we postulated that the adult human forebrain 
might harbor such vestigial precursor cells, which re- 
tain the capacity for neurogenesis when raised in 
vitro. To test this proposition, we sought evidence 
of neurogenesis in cultures of adult human temporal 
lobe. We report here that cells derived from the SZ 
and periventricular white matter of the adult human 
forebrain can indeed generate and differentiate into 
neurons in culture. 

Aspects of this work have been reported previously 
in abstract form (Goldman et al., 1993; Kirschenbaum 
et al„ 1993). 



Materials and Methods 

Tissue Samples 

Adult human temporal lobe was obtained during an- 
terior temporal lobectomy, done for the treatment of 
medically refractory epilepsy (n = 11 patients, 15-52 
years old: four males, and seven females). No tissues 
were obtained from tumor of any origin, because of 
the potential danger in confusing proliferating neu- 
roepithelial cells with neoplastic cells in vitro. No tis- 
sues were used that would otherwise have not been 
taken as a requirement of surgery. Tissue pieces were 
dissected into cortical, subcortical, and periventricular 
samples, the latter including the ependyma and sube- 
pendymal zone (again, jointly denoted as SZ). The SZ 
was demarcated by ligature at resection, and dissected 
from subjacent white matter to a depth of approxi- 
mately 300 Jim (Fig. 1). 

Culture Preparation 

Each tissue sample was cut into roughly 0.3 mm 3 piec- 
es, which were either cultured directly as explants on 
laminin, or dissociated for single-cell monolayer cul- 
ture. Dissociate cultures were prepared by incubating 
pieces for 40 min in 0.25% trypsin, 1 mM EDTA at 
37°C, with intermittent trituration. After pelleting and 
resuspension in media, cells were plated at roughly 2 
X 10* cells/ml into either 35 mm petri dishes (0.7 ml/ 
plate) or 24-well plates (0.4 ml/well), which had been 
coated with human fibronectin (GIBCO-Bethesda Re- 
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search Labs; 1 mg/cm 2 ). Representative pieces were 
also cultured as explants, upon murine laminin (Sig- 
ma; 1 mg/cm 2 ) according to described methods (Gold- 
man et al., 1992b). 

Media 

We used a base medium that we had earlier found 
permissive for neurogenesis in adult avian explant cul- 
tures (Goldman et aL, 1992), modified in that the base 
of Dulbecco's modified Eagle's medium/Ham's F-12 
was prepared without either phenol red or glutamate, 
and the nonessential amino acid supplement also ex- 
cluded glutamate and aspartate. In cultures of disso- 
ciated avian SZ, this medium supported neurogenesis 
with as little as 0.625% fetal bovine serum (FBS) (un- 
published observation), although the present study re- 
ports only cultures raised at a serum concentration of 
10%. Dissociated samples were pelleted and resus- 
pended in this medium, and then plated as monolayer 
cultures. The medium was supplemented with 10% 
FBS, and dialyzed to MW 1000 Da. Selected cultures 
were also supplemented with EGF (Collaborative Re- 
search; 20 ng/ml). All cultures were given a complete 
change of media after 6 d in vitro (DIV), with half- 
volume changes twice weekly thereafter. 

Imtnunocytochetnistry 

Cultures were incubated for 7-28 d and fixed, and 
each was probed with antibodies directed against one 
or two neuronal antigens, which included microtu- 
bule-associated protein- 2 (MAP-2; Bernhardt and Ma- 
tus, 1985), neurofilament (NF; Bignami et al., 1980), 
N-CAM (Edelman, 1984), and MAP-5 (Huber and Matus, 
1984). Cultures were also probed with antibodies di- 
rected against a variety of astrocytic (glial fibrillary 
acidic protein, GFAP), oligodendrocytic (Ol, 04), pro- 
oligodendrocytic (A2B5 and G D3 , as well as 04), and 
microglial (CD68) antigens, to differentiate among glia 
(Kelly et al.,1988; Vaysse and Goldman, 1990). 

Neurons were denned as those cells with typical 
multipolar morphology and immunoreactivity for N- 
CAM, MAP-2, NF, or MAP-5, but not GFAP We used the 
following antibodies for neuronal identification in this 
study: mouse anti-N-CAM IgG (1:25; Sigma, clone 
OB11); rabbit anti-neurofilament serum (1:100; Dr. D. 
Dahl); rabbit anti-MAP-2 (1:100; Dr. I. Fisher) (Fisher 
et ah, 1987); mouse anti-MAP-5 (1:100; Sigma, clone 
AA6). The protocol used for detecting each of these 
antigens was as previously described for MAP-2 (Gold- 
man, 1990), with secondary antibodies appropriate to 
the species and idiotype of each primary antibody. 

Glial cell types were characterized on the basis of 
previously defined criteria (Cameron arid Rakic, 1991). 
Oligodendrocytes were defined as immunoreactive for 
the 04 antigen (Bansal et al., 1989), whether GFAP + 
or GFAP". Astrocytes were identified by their expres- 
sion of GFAR except for those that coexpressed GFAP 
and 04, which were classified as oligodendrocytic. Mi- 
croglia were characterized by the CD68 antigen (Kelly 
et al., 1988), and pre-GFAP and/or 04 glia as either 
A2B5 (Eisenbarth et al., 1979) or G DJ immunoreactive 
(Goldman et al., 1984). To identify these glial types, 



we used the following antibodies: mouse monoclonal 
antibodies 04 and Ol IgM (1:50; Dr. R. Bansal), mouse 
anti-G D3 IgG (1:25; clone R24, Dr. J. Goldman), mouse 
A2B5 IgM (1:14; Dr. K. Fields), anti-GFAP IgG (1:100; 
Sigma, clone GA5), and mouse anti-microglial CD68 
IgG (1:100; Dako, clone EBM11). The protocols used 
for each of these probes were also as previously de- 
scribed (Kelly et al., 1988; Vaysse and Goldman, 1990; 
Bansal et al., 1989). All surface antigens (04, Ol, G D3 , 
A2B5, CD68) were probed on live cells, which were 
fixed after antibody exposure for 10 min with cold, 
2% paraformaldehyde. Skeletal antigens were probed 
in 4% paraformaldehyde -fixed, saponin-permeabilized 
cultures. All antigens were then detected using fluo- 
rescent secondary antibodies at 1:50-100. 

We verified the immunoreactivity and optimal titer 
of each antibody in a series of embryonic rat forebrain 
cultures (data not shown). A separate set of control 
cultures, prepared to assess nonspecific immunostain- 
ing, were exposed to either mouse IgG (10 mg/ml; 
Sigma), mouse anti-agrin IgG (1 : 100; Dr. E. Godfrey), or 
normal rabbit serum (1:100; GIBCO), followed by ap- 
propriate secondary antibodies. None of these con- 
trols displayed significant immunostaining. 

*H -Thymidine Labeling 

The uptake of 5 H-thymidine by antigenically defined 
neurons was used as an index of antecedent precursor 
cell mitosis in vitro. 3 H-thymidine (0.2 jmCi/plate, from 
1 mCi/ml stock; 5 Ci/mM, Amersham) was added 6 hr 
after culture preparation, so that S-phase initiation of 
labeled cells would have occurred in vitro. Cultures 
were exposed to 3 H-thymidine during their first 6 DIV, 
after which a complete medium exchange removed 
residual isotope. As noted, all cultures were fixed 7- 
28 d after establishment, and then immuno stained and 
autoradiographed. Autoradiography was performed as 
previously described (Goldman, 1990; Goldman et al., 
1992b), after which the percentage of 3 H-thymidine + 
neurons in each culture was calculated, and used as 
an index of in vitro neurogenesis. ^H-thymidine -la- 
beled cells were defined as having >\0 silver grains 
over their nuclei (background averaged <1 grain/ 10 2 
fim 2 ). Labeled cells were presumed to have been in S- 
phase at the time of 3 H-thymidine exposure, and to 
have arisen by the in vitro mitosis of parental progen- 
itors. 

Calcium Imaging 

Cells were challenged with a depolarizing stimulus of 
60 mM K + , during which their cytosolic calcium levels 
were observed. To this end, cultures were loaded with 
10 |jlm fluo-3 acetomethoxyester (fluo-3 AM; Molecular 
Probes) for 1 hr at 37°C. A Bio-Rad MRC600 confocal 
scanning microscope, coupled to Olympus IMT-2 in- 
verted microscope, was used to image the fluo-3 sig- 
nal. Excitation was provided by the 488 nm line of a 
25 mW argon laser, filtered to <0.1% by neutral den- 
sity filters. Emission was long-pass filtered (515 nm) 
and detected with the confocal set to its maximal ap- 
erture (7 mm). Images were acquired every 1-5 sec 
and recorded on a Panasonic TQ-2028F optical disk 
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recorder. Relative changes in fluorescence were cal- 
culated and normalized against baseline fluorescence 
by A/?//? (Connor e t al., 1987), and background counts 
were subtracted from all experiments. Each experi- 
ment was carried out at 25°C in HBSS, with 60 mM K + 
exchanged for 60 mM Na + in the potassium-depolar- 
izing solution. 

Results 

Antigenic Identification 

Among the 11 brain samples, eight included ventri- 
culotomy and hence SZ tissue. One set of cultures 
failed technically and one set was lost during pro- 
cessing, giving us six sets of SZ cultures. Fiber-pro- 
jecting, neuron-like cells were found in both SZ ex- 
plant outgrowths and dissociates. These cells were 
typically phase bright at low power, and phase dark 
at higher magnification. Unlike cocultured astrocytes, 
these ceils had no large cytoplasmic inclusions, their 
cell bodies lacked lamellopodial extensions onto the 
substrateVand^the^ had only two or three primary pro- 
-. cesses, whichlramified distally (Fig. 2). Representative 
example of these neuron-like cells were found to ex- 
P rcss ,1^2^ MAP:5, N-CAM^ or- NF,, while failing to 
stain concurrently for GFAP Indeed, MAP-2, MAP-5, 
N-CAM, and/or NF + neuron-like cells were each found 
in cultures taken from at least three of the six SZ- 
containing samples (Fig. 2). (Not all antigens were 
sought in plates derived from each SZ sample.) The 
antigenicity of these cells suggested that they were in 
fact phenotypic neurons. 

Subependymal Zone Derivatives 

We examined the postulate that these neurons arose 
from SZ progenitors, by assessing neuronal outgrowth 
from explants taken from the temporal SZ (a region 
that in the adult human is sparse in neurons), relative 
to that observed in temporal subcortical and cortical 
explants. Among six brains from which temporal SZ 
explants were prepared, four produced cellular out- 
growth and three displayed morphologically neuron- 
like cells migrating upon subjacent astrocytes and/or 
flat glioblasts (Fig. 2). Representative explants from 
these brains were stained for MAP-2, MAP-5, or N-CAM; 
explants from one were also subjected to physiologi- 
cal analysis (see below). While neurons were found in 



the outgrowth from SZ explants, as well as in SZ dis- 
sociates (Fig. 2), no similar outgrowth was observed 
from a total of over 300 explants taken from the tem- 
poral neocortex (seven tissue samples, each yielding 
24-36 explants dispersed among four to six culture 
plates) and subcortex" (four samples, again yielding 
24-36 explants each). Unfortunately, meaningful quan- 
tification of neuronal outgrowth from SZ explants was 
hindered by the variability in the amount and location 
of SZ obtained from each brain, which was dictated 
by the surgical procedure. A likely source of additional 
variability may have been the heterogeneous distri- 
bution of potential precursor cells within the SZ (Lu- 
skin, 1993). 

Subcortical Phenotype s 

In subcortical dissociates, in contrast to subcortical ex- 
plants, rare neurons were noted in plates derived from 
two of the tissue samples, although no subcortical culr 
ture had more than 10 (as in the SZ samples, neurons 
were characterized antigenically as either MAP-2V 
GFAP~, MAP-5VGFAP,-, or N-CAM+; see Fig. 2 ). Not 
surprisingly, more fiber-bearing cells were harvested 
from subcortical white matter than from SZ, as a result 
of the white matter's enrichment in 04 + oligodendro- 
cytes and fibrous astrocytes. Since our subcortical cul- 
tures generally contained at least 10 3 fiber-bearing 
cells/plate, when neurons were found, they 
constituted <1% of the fiber-projecting cell popula- 
tion. Far more common were fibrous astrocytes and 
oligodendrocytes, which were variably GFAPV04" 
and GFAP V04 + , respectively Astrocytes were ubiqui- 
tous and pleomorphic (Fig. but the predomi- 
nant (>80%) fiber-bearing cell of the subcortical dis- 
sociates was the 04+ oligodendrocyte (Fig. 3G); the 
latter was only rarely noted in the SZ dissociates and 
explants. Both GFAP + and GFAP" examples of 04 + 
cells were noted. 

Most of the cells found in these dissociate cultures 
were not fiber bearing at all, and were readily distin- 
guished from neurons. These cells typically comprised 
the majority of each culture even after 6 DIV, although 
their relative proportions varied as a function of the 
culture conditions and region sampled (data not 
shown). These cells included capillary endothelia, flat 
GFAP cells of uncertain phenotype, small and unde- 
veloped GFAP + astrocytes, EBM11/CD68+ amoeboid 



and cortical dissociates were composed primarily of amoeboid "iKS ,0 hi ? h B ° th « 

or their precursors was suggested by the presence of G - r P ik- » Jnni. r " ,u aslr ° 0,asts - anB b ™ p astrocytes. In 4, the presence of immature glia 
corresponding phase and fluorescent vZs TmkrS* ^faunrf L r!™ rh °l T here ' T" 9 other G "~ 9 ' ia and micro 9 |ia - *** '2 DIV. B shows 
microglial C068 with monoc onal ^^r^" cm m . an ««•*■• » DIV. This culture was immunostained for 
yielded GFAP* cells of a different morphology wfth brancMn arbor "omlto^ZT^T S f fc'? DIV " Cu,,ures of dissociated subcortex 
GFAP, at 18 DIV; these cells were of irtl^'Cr^ 1 ™!^^ tmJ f' ~ ^ \P? ni f Sh ° W *" subcortical astro °y ,es stained for 

Subcortical cultures also harbored fiber be? L « s o oliaoXlt^tln« lncorp %f d 'H-tr.ym.dine. and were presumably generated in vitro. 

majority were GFAP-, as in F, in ^SZTg^^SS™^ 7 *V l ' ny fibBr - b 1 f arm9 cel,s of 8 subcortical 1™°™* * 22 DIV. The 
included rare MAP-2+/MAP-5* Z (see Ros : J 14) most ITsed 1° Jnl of . sma !! er V P ra ««-bear,ng cells. Although these GFAP- subcortical cells 
fluorescence) found in a subcortical Associate after MdV^ZS^ 'T fle m * e ' 0i ' 6 shows 04+ "I'S^endroglia (Texas red 

01 ^/A2B5-/G m -/I^P-2-/MApS ^^J^^'^ST^t^a'*" 0 '^: f,uorescence »- ™° antigenic phenotype of the 04* cells (04*/ 
oligodendrocytes! or from polWo^ « * ^ ^ ™> «™ ^ from ^eJated 



Cerebral Cortex Nov/Dec 1994, V 4 N 6 581 






Figure 4. Neurogenesis m vitro. A-C show MAP-5+ cells observed in dissociate cultures, after 15 DIV. A and B were derived from subventricular white matter, 
and Cfrom nominal SZ; all plates were fixed after 15 DIV. The indicated cells {arrows) have each incorporated 3 H-thymidine in vitro, suggesting their origin from 
precursor mitosis. D shows a pair of adherent MAP-2+ cells found in an SZ dissociate at 14 DIV, only one of which iarrov^ has incorporated 3 H-thymidine Scale 
bar, 50 u,m. 1 



and ramified microglia (Fig. 3#), and rare (* 
plate) A2B5 + and G D3 + cells (Fig. 
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Neurogenesis 

Among antigenically denned neurons (MAP-2 + , MAP- 
5 + , N-CAM + , or NF + ), autoradiography revealed ^-thy- 
midine* cells in samples derived from three brains, 
indicating the origin of these cells from precursor mi- 
tosis in vitro (Fig. 4). Examples of 3 H-thymidine + cells 
expressing each of these neuronal antigens were 
found. However, the overall yield of 3 H-thymidine + 
neurons was low: in one representative sample of dis- 
sociated SZ, of 2 X 10 5 cells plated into each of three 
petri dishes, a total of <500 fiber-bearing cells 
(<0.25% of the initial cell sample) were found in the 
three plates after 14 DIV The vast majority of the ini- 
tial cell sample had died, and as noted above, the sur- 
vivors included a mixture of flat uncharacterized cells, 
small stellate astrocytes, capillary endothelial cells, and 
microglia. Among the SZ-derived, fiber-bearing cells of 
neuron-like morphology, 393 were actually GFAP + , 
while 56 were MAP-2+. Of the 393 GFAP + cells, 79 
(20%) were 5 H-thymidine + , while of the 56 antigeni- 
cally verified neurons, only six (1 1%) had incorporated 
3 H-thymidine + in vitro. 

Gliogenesis 

3 H-thymidine- incorporating GFAP + astrocytes were 
frequently noted in cultures of all three sampled 
regions, including SZ, subcortex, and cortex (e.g., Fig. 



3iT). Similarly, 5 H-thymidine + microglia were frequently 
noted (data not shown). In contrast, two mitotically 
distinct classes of 04 + cells were noted. The first was 
characterized by relatively ovoid, 8-10 ^m cell bodies 
that projected a variable number (two to nine) of rel- 
atively thin, short fibers, which frequently branched 
within <100 (xm of the soma. These cells were in- 
tensely Q4 + , and variably GFAP + (Fig. 3 G). These 04+/ 
GFAP ± cells were mitotically quiescent; among a sam- 
ple of 8044 such cells, culled from four plates of 
subcortical white matter (2011 ± 858.6 04 + cells/ 
plate, mean ± SD), none incorporated 3 H-thymitiirie 
in vitrOi despite the frequent observation of ^-thy- 
midine -labeled astrocytes in the same plates, These 
cells likely correspond to the pro-oligodendrocytes 
previously characterized by Armstrong ct.al. (1992). In 
contrast, a second, comparatively uncommon category 
of 04 + cells was characterized by a larger (15-25 n-m), 
flatter, and more substrate-apposed soma; each cell 
projected several relatively thick, long and tapering, 
unbranched processes. These cells constituted <l% of 
the 04 + population, and frequently incorporated 3 H- 
thymidine. The ontogeny and fate of these 04 + / 3 H- 
thymidine + cells are now being evaluated separately 
(Kirschenbaum and Goldman, unpublished observa- 
tion). 

Cell-Specific Calcium Responses 
To assess the functional capability of observed neu- 
rons, 24 cultures were loaded with the calcium-sensi- 
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tive dye fluo-3, and exposed to 60 itim K + during con- 
focal microscopy, to detect depolarization-induced 
Ca i+ increments (Fig. 5). Of these cultures, five were 
derived from SZ explants, and the remainder from ei- 
ther subcortical (w = 15) or cortical cultures (n = 4). 
Glial responses to 60 mM K + were minimal; of a 
pooled sample of subcortical and cortical glia (select- 
ed for fiber-bearing astrocytes and pro-oiigodendro- 
cytes), an average increment of 25 ± 3 5% (mean ± 
SE, n = 83) was noted in cytosolic calcium following 
K + stimulation. In contrast, neurons displayed a rapid 
and reversible four-fold elevation in cytosolic calcium 
signal in response to K + (402 ± 107.0%, n ~ 5;p < 
0.0001); consistent with the expected activity of neu- 
ronal voltage-gated calcium channels (Connor et al., 
1987; Hockberger et al., 1987). 

Discussion 

The present results suggest that the adult human fore- 
brain harbors precursor cells that retain the potential 
for neuronal production and differentiation in vitro. 
These cells appear to reside predominantly in the SZ, 
and in this study were found in samples derived from 
the ventrolateral aspect of the anterior temporal horn 
of the lateral ventricle. The adjacent : subventricular 
white matter was found to harbor glial precursors, in 
that 3 H-thymidine + examples of both GFAPV04- and 
GFAP + /04 + cells were identified, as well as a distinct 
population of postmitotic, 04VGFAP" fibrous cells 
similar to those described as pro-oligodendrocytes 
(Armstrong et al., 1992). 

Limitations of Antigenic Analysis 
Any antigenic determination of phenotype among 
brain cells is limited by the lack of absolute cell-type 
specificity of currently identified neuroectodermal an- 
tigens. In particular, several antigenic markers previ- 
ously considered prototypic of neuronal phenotype 
are actually expressed in developmentally restricted 
time windows by glia as well as neurons. Thus, where- 
as MAP-2 and MAP-5 are typically characterized as neu- 
ronal proteins (Huber and Matus, 1984; Bernhardt and 
Matus, 1985), reactive white matter astrocytes have 
been shown to express MAP-2 transiently (Geisert et 
al., 1990), while MAP-5 can be expressed by 04 + pro- 
oligodendrocytes in culture (Vouyiouklis and Brophy, 
1993). [In this regard, we found that MAP-5 expression 
by 04 + pro-oligodendrocytes, although generally pres- 
ent, was far less than, and readily distinguished from, 
that demonstrated by MAP-5V04" cells in human SZ 
and subcortical cultures; similarly, oligodendrocyte 
MAP-5 immunoreactivity was far less than that dis- 
played by cocultured neurons in rat forebrain control 
cultures (data not shown).] Like MAP-5, N-CAM is ex- 
pressed by early oligodendrocytes as well as by neu- 
rons (Bhat and Silberberg, 1986), and neurofilament 
may also be transiently expressed by astrocytes in cul- 
ture (Galileo and Linser, 1992). Thus, no one of these 
markers is alone sufficient to define neuronal pheno- 
type. As a result, we used a panel of neuron-selective 
antigens for neuronal identification in these cultures. 
Although individual cultures were typically probed 



with only one or two antibodies, matched cultures 
were probed for alternative neuronal antigens; most 
plates were probed concurrently with anti-GFAP, or in 
some cases 04 . We required concurrent demonstra- 
tion of positive neuronal antigenicity and negative 
glial staining for denning neuronal identity. In addition, 
in selected cultures of both explanted SZ and disso- 
ciated subventricular white matter, we obtained anti- 
gen-independent verification of neuronal presence 
and function, by assessing the cytosolic calcium re- 
sponses to depolarizing stimuli of individual fiber- 
bearing cells. 

Physiological Characterization 
Although K + -induced calcium responses have been 
described among cortical astrocytes in culture 
(Mac Vicar et al., 1991; Fatatis and Russell, 1992), de- 
polarization-induced calcium increments in glia have 
been of lesser magnitude than those noted in neurons 
under analogous conditions (Connor et al., 1987; 
Hockberger et al., 1987). Indeed, only under condi- 
tions of cAMP stimulation, using cultures of confluent 
astrocytes raised over a month in vitro, have astro- 
cytes been reported to display significant K + -evoked 
Ca 2+ increments (MacVicar et al., 1991). In that same 
study, astrocytes raised under conditions more analo^ 
gous to those of our present study; that is, subcon- 
fluent cells maintained for shorter periods of time in 
vitro, and not exposed to exogenous cAMP, displayed 
only minor elevations, and often decrements, in K + - 
evoked cytosolic Ca 2+ . Nevertheless, no previous study 
of which we are aware has directly compared the de- 
polarization-induced Ca 2+ responses of astrocytes, oli- 
godendrocytes, and neurons in single cultures. 

In order to control for the possibility of some cul- 
tured astrocytes displaying neuron-like Ca 2+ responses, 
we exposed mixed neuronal and glial cultures of em- 
bryonic (E16) rat forebrain, after 18 DIV, to 60 m.M K + 
and correlated their Ca 2+ responses with post hoc im- 
munocytochemistry for either MAP-2 or GFAP (Neder- 
gaard and Goldman, unpublished observation). These 
cells were raised under the same conditions as their 
adult human brain counterparts. We found that a sam- 
ple of 86 antigenically verified MAP-2+ neurons, ran- 
domly sampled from five cultures, exhibited a mean 
Ca 2+ increment of 267 ± 106% (mean ± SD). In con- 
trast, a cocultured population of 126 GFAP+ astrocytes 
displayed a mean Ca 2+ elevation of 0.8 ± 17% (the 
low mean increment reflected the many astrocytes 
whose Ca 2+ levels fell, by as much as 50%, in response 
to K + ). The response ranges of these two rat brain cell 
types were nonoverlapping, and the difference be- 
tween them significant to p < 0.001. These data sug- 
gest the validity of the physiological criteria used for 
cell-type identification in our adult human brain cul- 
tures. Nonetheless, the response characteristics of 
adult cells may differ from their embryonic counter- 
parts. Thus, even though the K + -induced Ca 2+ re- 
sponses of cells such as that displayed in Figure 5 are 
consistent with neuronal phenotype, single-cell re- 
cording will be needed to establish whether these 
cells meet a more stringent criterion of neuronal func- 
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to seek evidence of neuron- 
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increased its Ca' + - rapidly and reversible in contrast to the cocultured astrocytes. In 0, with the addition of tetrodotoxm (TTX; 1 p,M Sigma) K stimulation 
yielded a greater than sixfold rise in neuronal cytosolic Ca-„ while astrocytic Ca^- increased less than twofold. The depolarization-induced Ca" increment of 
this cell suggested its neuronal phenotype, as did the TTX accentuation of its Ca", response; the increased density of Y"ri « 
relative to alia would have been expected to yield a neuron-selective enhancement of the K-stimulated Ca^ ( - response by TTX (Ritchie and Rogart, 1977, Howe 
and Ritchie 1990). (The TTX accentuation of the K-stimulated Ca^ increment may also result from TTX's inhibition of depolarization-induced Na^ influx; in the 




the activity of voltage-gated calcium channels in the adult-derived neurons. Scale bar, 25 urn 



Hon, that of firing repetitive action potentials (Gold- 
man and Nedergaard, 1992). 

Source of the Neuronal Precursor Cells 
At least some of the neuronal precursor cells reside 
within the SZ of the temporal horn of the lateral ven- 
tricle. These cells may represent vestiges of the em- 
bryonic SZ neuroepithelium, which retain the capac- 
ity for neuronal differentiation, and to some extent 



mitotic neurogenesis, when removed into tissue cul- 
ture. 

More difficult to explain were the rare neurons 
found in subcortical dissociates. These were so infre- 
quent as to be of unclear significance; most likely, they 
derived from SZ inadvertently admitted into the sub- 
cortical sample during dissection. Alternatively, these 
neurons arose from ependymal/subependymal rests ly- 
ing ectopically in the subventricular white matter 
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(Larroche, 1977). Similarly, since the surgical samples 
taken often included the parahippocampal andhip- 
pocampal gyri, these may have been included inad- 
vertently in the subcortical dissections. In particular, 
any admixed hippocampal tissue would include the 
fascia dentata, whose granule neurons have been 
shown to undergo persistent turnover in adult rodents 
(Altman and Das, 1966; Kaplan and Hinds, 1977). Thus, 
some or all of the 3 H-thymidine + neurons found in the 
subcortical dissociates may have derived from mitotic 
dentate neuroblasts, rather than from contaminating 
SZ. 

The observed neurons, both of our SZ and subcor- 
tical samples, might also have derived from clusters of 
granule neurons that lie ectopically m the basal fore- 
brain subcortex. These cells, designated islands of Cal- 
leja, have been described across mammalian genera, 
including humans, and have been typically associated 
with subcortical olfactory pathways (Meyer et al., 
1989). Interestingly, two studies have recently report- 
ed a population of newly generated neurons in the 
postnatal rodent basal forebrain, which migrates along 
a spatially restricted pathway to the olfactory bulb 
(Corotto et al., 1993; Luskin, 1993) It is possible that 
the seemingly ectopic aggregations of granule neu- 
rons in the adult human forebrain are homologous to 
this novel population of rodent forebrain neurons, and 
that our subcortical dissections may have included 
neuronal precursors lying within this pathway. Finally, 
the subcortically derived neurons might be the prog- 
eny of oligodendrocyte precursors resident within 
the white matter, which might retain the potential to 
generate neurons; such a bipotential neuronal-oligo- 
dendrocyte precursor has already been described in 
the embryonic rodent brain (Williams et al., 1991; Ves- 
covi et al., 1993), although no counterpart has yet 
been identified in adulthood. 

Whatever their geographic and cellular sources, 
most of the neurons identified in these cultures were 
unlabeled by 3 H-thymidine. These cells may have de- 
rived from the neuronal differentiation* of precursors 
rendered postmitotic by trie culture conditions. Alter- 
nitively, if the neurons identified in these cultures had 
simply represented resident neurons that had survived 
dissociation or explantation and regenerated neurites 
in vitro, then one might suppose that the neocortical 
cultures, which harbored by far the greatest number, 
density, and variety of neuronal phenotypes, would 
have yielded the most neurons. To the contrary, how- 
ever, antigenically denned neurons were absent in our 
cortical explant outgrowths, which typically yielded 
only astrocytes and microglia, and rare 04 + oligoden- 
drocytes. Instead, the neurons identified in these cul- 
tures were limited to SZ and some periventricular 
white matter samples, precisely those regions in 
which neurons are scarce in vivo. 

In our similar prior study of adult avian brain cul- 
tures raised in high-serum (Goldman, 1990), only those 
explants derived from neurogenic regions of the SZ 
displayed neuronal outgrowth, while striatal parenchy- 
mal explants failed to do so. Furthermore, prelabeling 
the mitotic precursor population with 3 H-thymidine 



in vivo revealed that most, if not all, of the neurons 
in these outgrowths were newly generated. Similar 
findings were obtained in explant cultures of the adult 
mouse (Lois and Alvarez-Buylla, 1993) and rat brains 
(Goldman and Kirschenbaum, 1994). In these rodent 
preparations, neuronal outgrowth was limited to ex- 
plants derived from the SZ, and the emigrating neu- 
rons could be prelabeled with 3 H-thymidine given in 
vivo, prior to sacrifice. Thus, in both the adult song- 
bird and rodent preparations, explant cultures select- 
ed precisely for those newly generated, migratory neu- 
rons that ha4 just arisen from mitotic precursors. 

Our : present study* ■ vy^liinitbdi byr 6i& Inability to 
prelabelMne- mitotie- cells of ttie adult> numahV braih 
prior? t6< tissue*r^see^ Nonetheless, on 

the basis of (1) these parallel studies in other species, 
(2) the restriction of adult human neuronal outgrowth 
in the present study to SZ and peri-SZ subcortical ex- 
plants, (3) the complete absence of neuronal out- 
growth from the human cortical explants that we pre- 
pared, and (4) the occasional neurons found in human 
SZ and subcortical cultures exposed to 3 H-thymidine 
in vitroi it is likely that the 3 H-thymidine" neurons of 
these cultures were not just resident neurons that sur- 
vived ex vivo. Rather, they appear to have derived 
from precursors that embarked upon neuronal differ- 
entiation in vitro, once removed from the tissue en- 
vironment. 

These precursors may have been mitoticaliy com- 
petent in vivo, but lacked mitotic stimulation in vitro, 
or indeed may have been actively removed from the 
cell cycle by exposure to differentiation agents in cul- 
ture: Alternatively, they may have derived from a resi- 
dent pool , of undifferentiated but postmitotic precur- 
sor cells Evidence for the latter has been described in 
cultures of the postmitotic chick tectum, in which mi- 
totically quiescent precursor cells with neuronal po- 
tential persist, and can be induced toward terminal 
neuronal differentiation by local neuronal depletion 
(Galileo et al., 1991). 

The Culture Environment 

In this study, we sought to increase the likelihood of 
finding any residual neural precursors in the adult 
brain, by raising the cultures in a high-serum medium 
that would optimally support neuronal differentiation, 
rather than precursor proliferation. Although prior re- 
ports have demonstrated that both EGF and bFGF may 
stimulate the division and proliferation of neural pre^ 
cursors in culture (Gensburger et al., 1987; Reynolds 
and Weiss, 1992; Richards et al., 1992; Kilpatrick and 
Bartlett, 1993; Ray et al., 1993), neuronal mitogenesis 
in these preparations appeared to require, either me- 
dia containing little or no serum (Reynolds and Weiss, 
1992), or media supplemented with mitogen (bFGF; 
Richards et al., 1992). In contrast, neuronal differenti- 
ation from adult-derived precursor cells has been 
most robust in cultures raised at relatively high serum 
levels, in the absence of exogenous mitogenic agents* 
in both rodent (Lois and Alvarez-Buylla, 1993) and avi- 
an (Goldman, 1990) preparations. Indeed, when the 
effect of serum concentration upon adult neuronal mi- 
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togenesis was tested directly in explant cultures of 
adult finch forebrain,the neuronal ^-thymidine label- 
ing index was found to be inversely proportional to 
the ambient serum level (Goldman et al., 1992b). Not 
surprisingly then, in the presence of the relatively h.gh 
serum concentration used in this study (10%), no spe- 
cific induction of neuronal mitogenesis by EGF was 
noted Yet, the relatively selective detection of neu- 
rons in the SZ dissociates and explant outgrowths, and 
the incorporation by some of these cells of 'H-thymi- 
dine, strongly suggested the existence of precursor 
ceUs with neuronal potential in these cultures. To the 
extent that these cells are premitotic, one might pre- 
dict that they should be passageable for serial propa- 
gation. Although conditions permissive for the serial 
passage of embryonic rodent neural precursor cells 
have recently been described Reynolds and Weiss, 
1992 Kilpatrick and Bartlett, 1993; Ray et al., 1993), 
conditions appropriate for the sequential clonal ex- 
pansion and neuronal differentiation of adult human 
precursor cells remain to be defined. 

Lineage Potential of Single Precursor Cells 

The presence of 'H-thymidine- neurons and gha in 
these cultures raises the possibility that both are aris- 
ing from a common precursor cell. Multipotential pre- 
cursors have been demonstrated in vivo during the 
development of both the retina (Turner and Cepko, 
1987 Wetts and Fraser, 1988) and intracortical fore- 
brain', including the neostriata of both mammals (Tem- 
ple 1989; Halliday and Cepko, 1992) and birds (Galileo 
et al 1990; Gray and Sanes, 1992). In the avian neo- 
striatum, these precursors may remain pluripotential 
even into adulthood (Goldman et al., 1992a). In con- 
trast in mammalian neocortical ontogeny, committed 
lines' of neuronal and gUal SZ precursor cells 'become 
established prenatally (Levitt et al., 1981, 1983; Walsh 
and Cepko, 1988; Luskin et al., 1993), while distinct 
lines of oligodendrocyte and astrocytic precursors 
evolve thereafter (LeVine and Goldman, 1988). 

Even postnatally, however, some rodent SZ precur- 
sor cells remain bipotential for oligodendrocyte ^and 
astrocytic production (Levison and Goldman, 1993). 
Indeed, during late embryonic development, both 
phenotypically committed and pluripotent precursors 
may coexist in the telencephalic ventricular zone; a 
bipotential cortical neuronal-oligodendrocytic precur- 
sor is present in the El6 rat forebrain (Williams et al., 
1991) as are lineage-restricted neuronal, astrocytic, 
and oligodendrocyte progenitors (Price and Thurlow, 
1988 Price et al., 1991). Unfortunately, the present 
data do not allow us to distinguish whether the pre- 
cursor cells of the adult human brain are committed 
to restricted phenotypes, or whether they are pluri- 
potential for neurons and glia. As an additional consid- 
eration, the culture environment might determine not 
only the mitotic activity, but also the lineage commit- 
ment of these precursors; their phenotypic potential 
in vitro might differ from that realized in vivo. Thus, 
the ability of these precursors to produce neurons in 
culture does not necessarily suggest their capacity to 
do so in vivo. 



The Natural History o/Adutt Primate SZ 
Precursor Cells 

Given the retention of neuronal precursor cells in 
adulthood, the absence of neurogenesis in the mature 
primate brain (Rakic, 1985; Eckenhoff and Rak.c, 
1988) is intriguing. Although the adult primate ap- 
pears to exhibit little if any forebrain neurogenesis in 
situ (Rakic, 1985; Eckenhoff and Rakic, 1988) our data 
suggest that once removed into culture, residual pre- 
cursor cells may resume neuronal production and dif- 
ferentiation. Indeed, the adult rhesus monkey has 
been found to have "hot spots" of mitotic cells in the 
subependymal layer of the anterior horn of the lateral 
ventricle (Rakic and Kornack, 1993). This observation 
suggests that telencephalic SZ precursor populations 
may remain actively mitotic in the adult primate fore- 
brain, but that these cells may fail to generate neurons 
in vivo, instead, the ability of their progeny to either 
survive or differentiate into neurons may be compro- 
mised passively, by a lack of some rate-limiting trophic 
agent (Goldman and Kirschenbaum, 1994), or actively, 
through the tonic suppression of neurogenesis by ei- 
ther soluble or contact-dependent agents within the 
local tissue environment. 

Indeed, even if the newly generated cells could be 
rescued in vivo, whether by the introduction of sur- 
vival factors lacking in adult primate brain, or by the 
active inhibition of tonic suppressive agents, their fate 
and function could not yet be predicted or dictated. 
Regarding the SZ cells sampled in this study, their lo- 
cation in the inferior horn of the lateral ventricle in 
the anteromedial temporal lobe, suggests that they 
might contribute neuronal progeny not only to the 
hippocampal archipallium, but also to the subjacent 
subiculum, parahippocampal gyrus, and entorhinal 
cortex or even the adjacent amygdala and prepyn- 
form cortex. If these daughter neurons were induced 
to survive in vivo, we yet have no way of knowing 
whether their phenotype would be restricted to a 
prespecified subset of neurons, or whether they could 
be recruited into any local circuit having a permissive 
route and substrate for migration and open synaptic 
space. In this regard, the population of neuronal pre- 
cursors for the postnatal rat olfactory bulb, to which 
we referred previously (Corotto et al., 1993; Luskin, 
1993) generates a phenotypically and regionally re- 
stricted cohort. Neurons generated from these SZ cells 
migrate to and insert within the olfactory bulb, but do 
not appear to contribute to other regional circuits. 
This suggests that these young neurons are subject 
either to a predetermined restriction of their fate, or 
a sharply demarcated distribution of environmental 
cues limiting their migration. Interestingly, the progen- 
itors from which these rodent neurons arise lay in the 
anterobasal frontal SZ, a region phylogenetically anal- 
ogous to the human anteromedial temporal SZ (Farb- 
man, 1991), which corresponds to the SZ segment 
sampled in our present study. 

Nonpermissivenessfor Reactive Neurogenesis 
In vivo 

In light of the occurrence of compensatory neurogen- 
esis following brain lesion in lower vertebrates, in- 
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eluding fish (Anderson and Waxman, 1985) lizards 
(Font et al., 1991) and birds CCheng and Zuo, 1993) 
the primate's apparent lack of such restorative neu- 
rogenesis is puzzling (Goldman-Rakic, 1980) In vivo 
the precursor cells may lack either mitotic stimulation 
or postmitotic signals permitting neuronal differenti- 
ation or survival. Alternatively, these precursors may 
be tonically inhibited from generating neurons after 
embryogeny; their ability to generate neurons in vitro 
but not in vivo may reflect the suppressive effect on 
neurogenesis of local, tissue-derived factors. The iden- 
tity of these agents in the mammalian brain remains 
problematic. In the adult avian brain, the tonic inhi- 
bition of neurogenesis by non-estrogenic ovarian influ- 
ences (Hidalgo and Goldman, 1993) has opened the 
possibility that gonadally derived peptides, such as 
members of the inhibin-p family, might be operative 
m the restriction of neurogenesis in the adult avian 
forebrain. Indeed, the close structural homology of 
ovarian inhibin-p to transforming growth factor 3 
(TGF-p) might suggest a more general role for the lat- 
ter m the regulation of neurogenesis in adulthood 
among olfactory precursor cells, for example TGF-ft' 
has already been shown to potentiate neuroblastic de- 
parture from the cell cycle and terminal neuronal dif- 
ferentiation (Mahanthappa and Schwarting 1993) 

Teleologically,it is a reasonable assumption that the 
nonpermissiveness of the adult brain toward compen- 
satory neurogenesis has adaptive value, particularly in 
light of the progressive restriction in the temporal and 
geographic extents of adult neurogenesis as one pro- 
gresses in phylogeny (Rakic and Kornack, 1993) 
Nonetheless, whatever the basis for this phylogenetic 
restriction in adult neurogenesis, our data suggest that 

tTlT Stem fiam 3 ,aCk ° f a PP">P»«e progenitor 
cells. Rather, once removed from the milieu of adult 
brain parenchyma, residual precursor cells can resume 
the production of antigenically and physiologically 
characteristic neuronal progeny. 
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1ir - r . n rT ^ PO t.TAm ctv rr ^T t g in awh t atn that may 

^^Ts^'hers at Cornell University Medical College, supported by the National MS _ 
SoStTnavTfor tiTfirst time isolated cells in the adult human brain that can divide and 
^ow ^WXim-making cells and that may ultimately be capable of replacing those 

damaged m n^ltiple sclerosis eventually lead to therapies for MS 

• Although very basic in nature, this researcn may evwnu-»j ^ 
eimer fiXgh ^plantation of such cells, or through development of ways of 
S^iSproSnitor cells resident in a person's brain to produce new ohgodendro- 
cytes^^ca^repair myelin damaged by MS and possibly restore nerve function. 

« ♦.««. National MS Society-supported investigators led by Steven A. Goldman^ MD. 
f SeUUnrvers^ Mwficai College, have reported the discovery and isolation 

£ STof adult humans. These cells have the potential to repair myelin that has been 
destroyed by MS, and possibly to aid in the recovery of function. 
Reoorung in the November 15 issue of The Journal o/Neuroscience, the investigators 
dS^aving found that the oligodendrocyte progenitor cells are surprisingly 
aSant in adult brain matter, and are capable of dividing to P^new_ 
oSSdrocytes. Most adult human brain cells do not divide. This is the fost 
ae^ns^tion that such cells can be stimulated to divide and give rise to new 
oligodendrocytes, 

X^o^the 1990s, researchers had been searching for ff*™*^?"*^ 1 

humanbrain. Oligodendrocyte progenitor cells ^had ^been found m £e rat 
Si the 1970s and 1980s. Immature oUgodendrocytes had been found in human 
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brain tissue, but none of these had been capable of dividing. Researchers had begun to 
SSe that oligodendrocyte progenitor cells capable of dividing ^ ™tm the 
adult human brain. But by using surgically removed samples of adult human brain 
tissue combined with newly developed techniques of molecular cell identificabon and 
separation, Goldman and colleagues were able to refute this notxon and for die first 
tirne, segregate a population of dividing oligodendrocyte progenitors in adult brain. 

nTmSdy, reported in the November 15 issue of The Journal of Nescience adult 
human brain cells were obtained from brain matter that was removed from eight 
uatients ranging in age from 24 to 65 years old. who underwent surgery for a variety of 
SToXs^he Lvestigators used a technique they had developed and tested mammal 
brain cells to separate living progenitor cells from the larger brain cell population. 

The investigators identified a discrete population of oligodendrocyte progenitor cells, 
which they estimated to represent about four percent of the population of cells in the m 
the white matter of the brain. They then segregated the progenitor cells, and 
demonstrated that they were capable of dividing, "more or less on demand, says 
Goldman. 

wviof t he Study Means , . ... 

This study shows that oligodendrocyte progenitor cells exist within the adult .human 
brain and are capable of dividing. Furthermore, this study describes a memodfor the 
LoUtion and actual purification of these cells, potentially in large numbers. This raises 
the possibility that patients with MS might someday be treated either by transplanting 
oligodendrocyte progenitor cells, or by stimulating the patients own oligodendrocyte 
pronator cells to divide and produce new cells. Treatments might also be devised that 
combine elements of both approaches. 

Dr Goldman's team is currently conducting studies to determine whether transplanted 
oheodendrocyte progenitor cells will be able to produce replacement myelin on nerve 
fibers whose myelin has been destroyed. Studies will also be needed to determine 
whether stimulating the growth of new oligodendrocytes from progenitor cells that exist 
within a patient's brain will ^myelinate damaged neurons. 

The National MS Society is actively funding these and other efforts to find ways to 
repair myelin and nerve cells that have been destroyed by multiple sclerosis, with the 
hope of restoring nerve ftinction. 

From: Research Programs Department 
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™iKT^^£X^&'™^ * ^i 53 *r * ** Socicty 1188 

«* cause, treats and core fa, MS. 

During the year, our vo.ua^ scientific 

f^^S^^^^^^^^ commionelts to over 300 

^ d ^S&g 19^y highlights include: 

• In separate ^sup^^^^ 

possibility that h ^ M B |^S^^^ nSy to MS. Further studies 

St^Ss, ^whether drug* to fight these agents can help MS. 

. Thr first laree-scale clinical trial of Copaxone in primary-piogr^ ve^ was begun. 

* l?^venK^So people at 54 centers across the U.S. and Canada. 

. Soc,ctv-supporu^^ 

S^ceTcl^tfSng £w nW step may provide I 

basis for new strategies for repairing damaged myelin in MS. 

slowed w5h interferon beta treatment 
. Investigators at the ^^^^^^^t^i^T 

^ntlTwrovedS U.S. as a dally under-tbe-sto injecoon for 
rtlflpsing-remiolnfi MS.) 

. searchers atMayoC^r^^ 

SsT^^^^o^^ti^ defiST-n, not improved ^ 

^andaxd treatment with high-dose steroids. 
. As part of the Society's targeted research iridauve ^^^^^ 

or inhibit MS attacks. | ^^^ |W ^iiihiwiii«* 
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* With Society support, doctors at the University of Soutbeix California began a 

* ^l^hLe^lkcal ^o^-L^r^ to^S^i^une cell, 
r^S 5 ^^ ^.^SSSSSSt. brL and spinal conL 

approved treatment for a progressive form of MS. 
This fruitful year has brought us close, to achieving our goal: to end the devastating effects of 
multiple sclerosis. 

— Research Programs OcyAi tmeat 

O 1999 Tbc KailoiMa Muli*** Sclerosis Society 
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Beyond the Gray Area 

Study finds generating cells in brain's white matter 



By Jamie Talan 

STAFF WRITER 

WHILE RESEARCHERS 
revel in the recent news 
that adult brain cells 
grow and divide in some 
areas of the gray matter 

the brain tissue where neurons 

do their work — few people have 
■paid attention to the inner workings 
of the white matter, the brain tissue 
covering the gray matter. 

Dr. Steven Goldman and his col- 
leagues at Weill Cornell Medical Col- 
lefie in Manhattan have evidence of 
young, dividing cells in the white 
matter in the adult human bram. 
The hope is to "mass produce suffi- 
cient numbers of these progenitor, 
or stem cells, for implantation and 
oell-based therapies to treat multi- 
ple sclerosis, stroke, Tay Sachs and 
other diseases, Goldman said. The 
etudy appears in tie Journal of Neu- 
ro&cience. , ' „ 

White matter is a pool of myelin, 
or insulation, that surrounds the 
neurons in the gray matter. It is 
filled with cells that provide nutri- 
tional support to the neurons, mclud- 
ing oligodendrocytes and andro- 
cytee. The classic lesions identified 
in patients with multiple sclerosis 
are found in white matter. Also, 
one-third of stroke victims suffer le- 
sions in this tissue. 

The researchers have developed a 
method to isolate these progenitor 
cells by linking them to a gene for f^eUyfish fluo- 
rescent protein and using a ceU-sorting device to 
separate them from other types of brain cells. 

With this pure population of progenitor cells 111 
hand* Goldman said, it would be possible to devel- 
opTpWfic techniques to be used after a brain 
traumato replace this insulating material and, in 
theory, fix the brain's transmission problems 
(The myelinated axons are the brain's version of 
telephone wire, long projections that send signals 
from cell to cell and enable neurons to comnmni- 

^Gildman, a neurologist, working with hia col- 
leagueTNeeta Ray, isolated the newly Ceding 
cells from live tissue taken from epilepsy patients 
and others undergoing brain surgery or biopsy* 

Oligodendrocytes are necessary to make mye- 
lin, the insulating sheath that surrounds nerve 
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Dr. Steven Goldman, of the Department of Msurofooy 8t WoIU ComfH 
Medical College la Manhattan, 'studied the tool'* while matter. 

vide, but it was always believed that oligo^r^tra- 
cytes. like neurons, do not re-populate. And wfcflc 
scientists have known that the ohgodendrocytea 
are the cells targeted in MS. the immune aystem 
disease has always p^e4 resaarchers because 
the symptoms — tinging m the extremities, tired- 
ness and loss of normal movement — wax and 
wane. The white matter lesions seem to get bet- 
ter, as well, and it has never been clear how or 
why axons re- myelinate. 

Goldman, a researcher who started his career 
studying neurogenesis in canary brains, waacon- 
vuvced t£at theSs must be a population of oligodeil- 
drocyte-progenitor cells that was helping the 
adult brain heal itself — at least temporarily. 

Working side by side with neurosurgeons, Gold- 
man was able to amass snippets of brain tissue 
from dozens of patients. 

Sclerosis, oligodendrocytes are mflamed or die them grow and divide. _ _ _ ^ _ 

as the nerve cells' myelin are shredded. 

Astrocytes, support cells that provide metabolic 
support for neurons, are known to grow and di- 



iem grow and divine. 

In more rec ent, unpublished work conducted to 
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anttiope, at tha Cincinnati Zoo In 1M4, w»« transferred at an 
I antalopt In an ertort to preterve tba rata spetlat. 

ig vs. Extinction 

coming the problems of breeding in . 

— captivity, including the obvious fact 

that in a lab scientists have to deal 
with the problem of animals who have 
been removed from their natural sur- 

T °^Sf Amato of the Wildlife Conser- 
vation Society's Science Resource Cen- 
ter and the Bronx Zoo in New York 
City, said cloning ie one tool that can 
be used to save rare animals, but he a 
not enthusiastic about the method in 
his own research. 

Amato is using molecular genetic 
techniques to help conserve endan- 
gered species and, like Dresser, main- 
tains a frozen zoo of sorts — a coUec- 
tonof frozen DNA. Amato said that 
when rare animals become difficult to 
observe through traditional methods 
because they can't be found. DNA 
helps the scientist© in their research. 

•We maintain frozen DNA from ani- 
mals from hundreds of species, most of 
which are endangered," Amato saicL 
His frozen DNA collection includes the 
the black rhinoceros from Tanzania, 
endangered^ yeUow-shouldered Ama- 
zon parrots from Venezuela and Ameri- 
can crocodiles from Belize. 

Despite his reluctance to use clon- 
ing, Amato said there is a place for it. 

»i do believe it has an apphcationlor 
very specific cases* he said. The 
panda is probably a reasonable case- 1 
think that we have some responsibility 
to the things living we are driving to 
extinction. 
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Mind Over Brain's White Matter! 



BRAIN froznCS 



test whether the cells are function- 
al, the investigators implanted the 
tissue containing the oHgodendro- 
cytes into animals with a demyeli- 
nating di6ease. 

The new tissue developed into oli- 
godendrocytes and made myelin pro- 
tein* but whether they line up along 
the axon 16 still not known, Gold- 
man said. 

*It may one day be possible to acti- 
vate a person's endogenous 
stem-cell population and generate 
these cells on demand," Goldman 
said. 

Another option, he added, is to pu- 
rify these cells and insert them into 
the white matter of patients. For ex- 
ample, doctors could inject the pro- 
genitor-oligodendrocytes into MS 
plaques or into the stroke lesions to 
trigger re-myelination. 

Goldman believes that the popula- 
tion of stem cells in white matter 
may be far easier to identify, purify 
and manipulate than the small 
number of progenitor cells found in 
the subventricular zone of the gray 
matter deep in the brain. 

He said there are 10 UmeB as 
many white matter support cells, 
also called glia, as neurons in the 
brain, and that as much as 4 per- 
cent of the cells in the white matter 
may be progenitor cells. 

The neurologist also believes that 
it will be possible to insert a single 



gene into the progenitor cells, 8 
as the gene that is abnormal in Ta; 
Sachs. 3— 
This would restore the myelin? 
which is damaged and leads tpj g 
early death in childhood. GoldniagE? 
also believes that stroke will also \mH i 
a good model for this modern trea*jg 

ment. ■ _ 

The possibility to do these 
ments is here, now,* Goldman 

He thinks this material could be^, 
in human trials within three yearsrS 

•It's one thing to talk about new£ 
brain cells. It's another to be able to* . 
use them for treatment." Gold^nan^t' 

Goldman's group coUaborattfWI 
with Peter Braun and Michel GrawS" 
el of McGill University in Montreal^ 
who cloned the oKgodendrocyte-ape^. 
cific protein used in the studies 
identify the progenitor cells. 

The rush to tap into neuroge 
sis — the growth of brain cells 
fraught with problems. 

As it turns out, brain growth is 
always good, and it isnt always - 
maL A number of labs are bt_ 
ning to find that growing cells in 
test-tube can lead to a population 
- abnormal cells. In other words, thi 
cells are growing waywardly like 
cancers and lose their neuronal! 
functional capacity. 

Goldman's work bypasses 
problem by finding an abundance . 
progenitor cells rather than helpinft 
a few cells grow and multiply. 4 
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f% NE OF MY FAVORITE days of 
■ | the year is right around the cor* 
net. Tm talking about the first 
day of winter. The reason is the winter 
solstice, which occurs this year at £44 
a.m- Dec. 22 on the East Coast. Tlie 
winter solstice marks the moment that 
the sun reaches its southernmost posi- 
tion over our planet and begins its jour- 
ney northward. To an observer on 
Earth, the day marks the sun's lowest 
position in the midday sky, and the be- 
ginning of its climb once again. 

It all happens because our planets 
equator is tipped by about 23.5 de- 
grees to the plane of 
our orbit around the 
sun. This means 
that, during this 
time of year, the 
Earth's Northern 
Hemisphere tilts 
away from the sun, 
causing the sun's 
rays to shine down 
on us at a shallow 
angle. Six months 
and half an orbit 
later, our planet's 
tilt aims the North 



"'solstice* originates in antiquity, 
ing from two Latin words ■ 
(meaning "sun") and "sistere" 
ing "to stand still"). 

It is at the winter solstice thai/ 
sun*s southerly drop seems to end,3 
sun "stands still/ and the star 
gives life to planet Earth begins it***, 
cendancy once again. From this rati 
ment on, the days become longer, 1W 
sun appears higher, and the greensjjj 
life gradually return to the Nortqjfg 
Hemisphere of Earth. And not a. 
ment too soon, either! 
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Identification, Isolation, and Promoter-Defined Separation of 
Mitotic Oligodendrocyte Progenitor Cells from the Adult Human 
Subcortical White Matter 
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Previous studies have suggested the persistence of oligoden- 
drocyte progenitor cells in the adult mammalian subcortical 
white matter. To identify oligodendrocyte progenitors in the 
adult human subcortical white matter, we transfected dissoci- 
ates of capsular white matter with plasmid DNA bearing the 
gene for green fluorescence protein (hGFP) f placed under the 
control of the human early promoter (P2) for the oligodendro- 
cytic protein cyclic nucleotide phosphodiesterase (P/hCNP2). 
Within 4 d after transfection with P/hCNP2:hGFP, a discrete 
population of small, bipolar cells were noted to express GFR 
These cells were A2B5-positive (A2B5 + ), incorporated bro- 
modeoxyuridine in vitro, and constituted <0.5% of ail cells. 
Using fluorescence-activated cell sorting (FACS), the P/hCNP2- 



Oligodendrocytes of the adult forebrain are primarily postmi- 
totic. Nonetheless, persistent cycling oligodendrocyte progenitors 
(OPs) have been described in adult rodent subcortical white 
matter (Gensert and Goldman, 1996) and may provide a substrate 
for re myeli nation after demyelinating injury (Blake more et al., 
1996; Gensert and Goldman, 1997). In humans, the demonstra- 
tion and identification of persistent subcortical progenitor cells 
have been more problematic. A pro-oligodendrocytic phenotype 
has been described in adult human subcortical white matter, 
although these postmitotic cells may have included mature oligo- 
dendrocytes recapitulating their developmental program after 
dissociation (Armstrong et al., 1992; Gogate et al. t 1994). Rare 
examples of oligodendrocytes derived from mitotic division have 
been reported in human subcortical dissociates (Scolding et al., 
1995), and candidate progenitors have been identified in lusto- 
logical sections on the basis of PDGFa receptor expression 
(Scolding et al., 1998). Nonetheless, the identification and isola- 
tion of viable mitotic oligodendrocyte progenitors from the adult 
human brain has proven an elusive goal. Indeed, not only have 
mitotically competent adult human OPs not been preparable in 
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driven GFP + cells were then isolated and enriched to near- 
purity. In the weeks after FACS, most P/hCNP2:hGFP-sorted 
cells matured as morphologically and antigenicity character- 
istic oligodendrocytes. Thus, the human subcortical white mat- 
ter harbors mitotically competent progenitor cells, which give 
rise primarily to oligodendrocytes in vitro. By using fluorescent 
transgenes of GFP expressed under the control of an early 
oiigodendrocytic promoter, these oligodendrocyte progenitor 
cells may be extracted and purified from adult human white 
matter in sufficient numbers for implantation and celt-based 
therapy. 

Key words: regeneration; myelin; remyeiination; cell sorting; 
stem celts; subependyma 



the numbers or purity required for their characterization or 
functional engraftment, but their very existence in humans has 
been unclear (Scolding, 1997, 1998). 

To establish the existence and relative incidence of oligoden- 
drocyte progenitors in the adult human white matter, we there- 
fore designed a new strategy for the isolation and enrichment of 
native oligodendrocyte precursors from adult brain tissue. For 
this purpose, we capitalized on a strategy initially developed for 
the identification of neuronal precursor cells in which cultured 
forebrain dissociates were transfected with the gene for green 
fluorescent protein (hGFP) (Chalfie et al., 1994; Levy et al., 
1996), regulated by the early neuronal promoter for Tal tubulin 
(Glostcr et al., 1994). This approach permitted the recognition of 
live, fluorescent neuronal progenitor cells in mixed cell culture. 
Fluorescence-activated cell sorting (FACS) then permitted the 
high-yield enrichment and relative purification of these progeni- 
tor cells (Goldman et al., 1997; Wang et al., 1998a). 

In the present study, we extended this strategy to identify and 
purify oligodendrocyte progenitors from adult human subcortical 
white matter. To this end, we used FACS of subcortical cells 
transfected with hGFP placed under the control of the 5' regula- 
tory region of an early oiigodendrocytic protein, specifically the 
early promoter (P2) for 2',3' -cyclic nucleotide 3 '-phosphodiester- 
ase (CNP; EC 3.1.4.37) (Vogel et al., 1988; Tsukada and Kurihara, 
1992). CNP protein is one of the earliest known myelin- 
associated proteins to be synthesized in developing oligodendro- 
cytes. It is expressed by newly generated cells of oiigodendrocytic 
lineage, even within the ventricular zone, and appears to be 
expressed by their precursors as well, in both rodents and humans 
(Scherer et al., 1994; Yu et al., 1994; Grever et al., 1997; Peyron 
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Figure L The human P/CNP2:hGFP 
vector. Humanized GFP (Levy et al., 
1996), a mutant form of red-shifted GFP 
optimized for expression in human cells, 
was placed under the control of the hu- 
man CNP2 promoter (P/hCNP2) 
(Gravel et al., 1996). To construct 
P/hCtfP2:hGFP, an Xbal-Xbal frag- 
ment encompassing exon 0 and part of 
intron 1 was isolated from the SK/ 
hgCNP plasmid, which contains the 
complete sequence of the human CNP 
gene (Gravel et al., 1996), and was then 
Jinked to the hGFP gene fused to the 
SV40 polyadenylation signal. 



; et al., 1997; Chandross et al., 1999). Importantly, the 5' regulatory 
; region of the CN P gene includes two distinct promoters, P2 and 
PI, which are associated with two distinct RNAs, and are sequen- 
tially activated at different developmental stages (Douglas ct al., 
; 1992; Douglas and Thompson, 1993; Monoh et al., 1993; Schercr 
: et al., 1994) (Fig. 1). Only the CNP mRNA transcribed from the 
: more upstream promoter, P2, is found in the fetal brain, suggest- 
ing that the P2 promoter (P/CNP2) directs expression to young 
oligodendrocytes and their precursors (O'Neill et al., 1997; 
Gravel et al., 1998). As a result, the CNP2 promoter was chosen 
for this study for its ability to target transgene expression to 
oligodendrocyte progenitors and their immature progeny in ro- 
dents. On this basis, we postulated that the human homolog of the 
CNP2 promoter, P/hCNP2, would similarly target transgene 
expression to human oligodendrocyte progenitor cells. 

We report here that the P/hCNP2 has indeed allowed us to 
direct expression of a reporter gene to oligodendrocyte progen- 
itor cells of the adult human brain and to thereby identify and 
isolate these cells. Plasmids of hGFP under the control of 
P/hCNP2, transfected into dissociated subcortical cultures, iden- 
tified a population of bipolar, primarily A2B5-immunopositive 
(A2B5 + ) precursor cells. These cells typically incorporated the 
mitotic marker bromodeoxy uridine (BrdU) from the culture me- 
dia and developed oligodendrocyte antigenic expression in vitro. 
Using FACS, we isolated these P/hCNP2:hGFP + cells from 
surgically resected subcortical white matter and observed their 
development into mature, galactocerebroside + oligodendrocytes 
in the weeks thereafter. This strategy has allowed us to establish 
the existence of a distinct class of mitotically competent oligo- 
dendrocyte progenitors in the adult human white matter. In 
addition, P/hCNP2:hGFP-based FACS has enabled us to isolate 
and separate these cells, viably and in high-yield, and in numbers 
and purity sufficient to study their cell biology and suitability for 
engraftment. 

Parts of this paper have been published previously in abstract 
form (Wang et al., 1998b). 

MATERIALS AND METHODS 

Plasmid construction 

P(hCNP2:hCFP and P/hCNP2:UcZ. hGFP, a mutant form of GFP opti- 
mized for expression in human cells (Levy, 1996), was placed under the 
control of the human CNP2 promoter (Douglas et al., 1992; Monoh ct 



aL. 1993; Gravel et al., 1996). The human CNP gene had been isolated 
previously (Gravel et aL, 1996) by screening a human fibroblast genomic 
library with a cDNA probe for rat CNP1 (Beruier ct al., 1987). The 
human CNP gene was then subcloncd into pBluescript, and the resultant 
plasmid was designated SK/hgCNP. This plasmid was digested with Bglll 
and A 1 Ac? 1 to delete much of the gene downstream of the promoter region. 
The remaining Bglll and Xhol ends were then filled in and blunt-end 
ligated, yielding plasmid SK/PlP2hCNP, in which both BglU and Xhol 
were regenerated. A 1123 bp Xkol-Xhol fragment containing SV40 
SD/SA-GFPh-SV40 po!y(A *) was then excised from pTnrl:hGFP (Wang 
et al., 1998) and subcloned into ,Jr/N>I-digested SK/PlP2hCNP to gener- 
ate the plasmid P/PlP2hCNP:hGFP. The orientation of the hGFP insert 
was then determined by restriction enzyme mapping. 

To construct P/hCNP2:hGFP, the Tal tubulin promoter region was 
excised from pP/Tal:hGFP using Xbal and replaced with the hCNP2 
promoter obtained by digesting SK/hgCNP with Xbal. The orientation 
of the P/hCNP2 insert was also determined by restriction enzyme map- 
ping. Similarly, P/hCNP2:/<jrcZ was constructed by removing the Tal 
promoter from the TaVJacZ (Wang ct al., 1998a) with Xbal, and replac- 
ing it with the Xbal-Xbal fragment containing the hCNP2 promoter. 
P/CMV:hGFP was constructed as reported previously (Wang ct al., 
1998a). 

Adult human brain white matter dissociation and culture 
Adult human brain tissues, obtained freshly in the course of surgical 
resection, were collected directly into Ca 3 7Mg 2+ -free HBSS. The white 
matter was dissected from the rest of the tissue, cut into pieces of —2 mm 
on edge, or 8 mm 3 , and rinsed twice with PIPES solution (in mM: 120 
NaCl, 5 KCI, 25 glucose, and 20 PIPES). It was then digested in 
prewarmed papain-PIPES solution (11.4 U/ml papain; Worthington, 
Freehold, NJ) and DNase I (10 U/ml; Sigma, St. Louis, MO), on a 
rocking shaker for 1 hr at 37°C. The tissue was then collected by 
centrifuging at 200 X g in an I EC Centra-4B centrifuge, resuspended in 
DMEM-F-12-N2 with DNase I (10 U/ml), and incubated for 15 min at 
37°C The samples were again spun, and their pellets were recovered in 
2 ml of DMEM-F-12-N2. They were then dissociated by sequentially 
triturating for 20, 10, and 5 times, respectively, through three glass 
Pasteur pipettes fire polished to decreasing bore diameters. Undissoct- 
ated tissue pieces were eliminated by passage through a fine 40 jim mesh. 
The cells were collected and rinsed once with DMEM-F-12-N2 contain- 
ing 20% plasma-derived FBS (PD-FBS; Cocalico Biologtcals, Reams- 
town, PA) to stop the enzymatic dissociation and then resuspended at 
1 x 10 7 cells/ml in DMEM-F-12-N2 containing 10% FBS. The cell 
suspension was plated at 0.1 ml /dish into 35 mm Falcon Primaria plates 
coated with laminin (2 jig/cm 2 ) and incubated at 37°C in 5% C0 2 . After 
4 hr, an additional 0.7 ml of DMEM-F-12-N2 with 2% PD-FBS was 
added into each plate. This medium was supplemented with PDGF AA 
(20 ng/ml; Sigma), FGF-2 (20 ng/ml; Sigma), NT-3 (20 ng/ml; Regen- 
eron Pharmaceuticals, Tarry town, NY), and BrdU (10 MgAnl). Cultures 
were transfected after 2-6 d in vitro (DIV). After transection, the 
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Figwv 2. Aduli human while matter harbors 
oligodendrocyte progenitors. Immunocyto- 
chemistry of white matter dissociates for a 
panel of cell typc-seiective antigens revealed a 
diverse representation of phenorypes before 
sorting. A-C, A typical bipolar ceil, double- 
labeled for A2B5 {rvd) and BrdU {yellow), 
fixed after 4 DIV. D-F, A cluster of postmitotic 
04 + cells (Z>, E) and an overtJy less mature 
BrdU-incorporating 04*/BrdU + cell (F). all 
fixed after 7 DIV. G-( t Representative exam- 
pics of the diverse phenotypes present in the 
adult white matter. These included cells ex- 
pressing CNP (G), GFAP (H), and TuJI (/) 
immunorcactiviries, which respectively identify 
oligodendrocytes, astrocytes, and neurons; 
each cell type was found in the proportion 
noted in Results. Scale bar, 40 /mi. 
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Figure 3. P/ hC N P2:liGFP identifies a population of bipolar, 
A2B5 + cells. GFP expression was observed within 4-5 d 
after transfection. The P/hCNP2:hCFP* cells typically first 
appeared as small, bipolar cells. A-F, P/hCNP2:hGFP- 
expressing cells (A, C, E) and their corresponding phase 
contrast micrographs (B, D, H). E t F, Immunocytochemistry 
identified the P/hCNP2:hGFP + bipolar cells as A2B5 + ; G 
indicates double-labeling of the two. Inset in //shows that this 
cell incorporated BrdU. Scale bar, 30 M m. 
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- cultures were switched to serum-free DM EM-F-I2-N2, with maintained 
. growth factor and BrdU supplementation until FACS. 

; Transfection 

AH plasmid conslrucls were introduced into the cultured cells by liposo- 
: mal transfection, as described previously (Wang et a!., 1998a). Briefly, 
2-6 d after plating, each 35 mm dish received a mixture of 2 jig of 
plasmid DNA and 10 jd of lipofectin in OPTI-MEM (Life Technologies, 
Gaithershurg, MD). The cells were incubated at 37°C in 5% C(> 2 -95% 
air for 6 hr. The transfections were terminated with DMEM-F-12-N2 
containing 10% PD-FBS. After 2 hr, the cells were returned to serum 
free DMEM-F-12-N2 with PDGF A A, NT-3, and FGF2. Imaging for 
hGFP was first done 2 d after transfection and daily thereafter using an 
Olympus (Tokyo, Japan) 1X70 epi fluorescence microscope. The greatest 
number and proportion of GFP"*' cells were observed 6-7 d after trans- 
fection; cultures were therefore sorted at that lime point. 

Flow cytometry and sorting 

t Flow cytometry and sorting of hGFP + cells was performed on a FACS 
Vantage (Bccton Dickinson, Cockeysvillc, MD). Cells (5 x 10 A /ml) were 
analyzed by light forward and right angle (side) scatter and for GFP 

■ fluorescence through a 530 ± 15 nm bandpass filter as they traversed the 
beam of an argon ion laser (488 nm, 100 mW). P/hCNP2:/(JcZ- 
transfected control cells were used to set the background fluorescence; a 
false positive rate of 0.02 ± 0.05% was accepted to ensure an adequate 
yield. For the test samples transfected with P/hCNP2:hGFP, cells having 
fluorescence higher than background were sorted at 3000 cells/sec. 
Sorted cells were plated onto laminin-coatcd 24-wcll plates, into 
DMEM-F-12-N2 containing PDGF-AA. NT-3, and FGF2, each at 20 
ng/ml. After 4 d, some plates were fixed for immunocytochemistry, and 
the remainder was switched to DMEM-F-12-N2 containing 10% PD- 
FBS. After an additional 3 weeks in vitro, the sorted cells were stained for 
cither CNP, CM, TuJl, or glial fibrillary acidic protein (GFAP) immu- 
noreactivities; each was double-stained for BrdU as well. 

Data analysis 

Experimental end points included the proportion of A2B5-, 04-» CNP-, 
GFA-, and TuJl-inimunoreactive cells in the total sorted population (all 
nominally GFP + after sorting), as a function of time after FACS. At 
each sampled time point, the respective proportions of A2B5 + , 04 + , 
CNP + , GFA + , and 0111-tubulin/TuJl + cells were compared with each 
other and with un sorted controls that were similarly dispersed but rc- 
plated without sorting (after adjusting their cell densities to those of the 
post-FACS sorted pool). For each combination of treatment (sorted or 
unsorted), time point (4 d and 3-4 weeks after FACS), and immunolabcl 
(A2B5, 04, CNP, TuJl, and GFA), the number of stained and unstained 
cells were counted in 10 randomly chosen fields, in each of three tripli- 
cate cultures. 



i Immunocytochemistry 

Cells were immunostained live for A2B5 or 04 (Bansal et al., 1989), or 
after fixation with 4% paraformaldehyde, for CNP, TuJl, GFAP, or 
BrdU. Selected plates were also stained for CD68 or factor VIII, anti- 
genic markers of microglial and endothelial cells, respectively (Kirschen- 
baum et al, 1994; Rafii et al., 1995). For A2B5 or 04 immunocytochem- 
istry, plates were washed twice with DMEM-F-12-N2 and then blocked 
with DMEM-F-12-N2 containing 5% normal goat scrum (NGS) for 10 
min at 4**C Monoclonal antibody (mAb) A2B5 (clone 105; American 
Type Culture Collection. Manassas, VA) was used as an undiluted 
culture supernatant, and mouse mAb 04 (Boehringer Mannheim. Indi- 
anapolis, IN) was used at 1:200. Both were applied in DMEM-F-12-N2 
for 30 min at 4 Q C. The plates were then washed with three changes of cold 
HBSS containing \% NGS. The secondary antibody, Texas Red- 
conjugated goat anti-mouse IgM was used at a dilution of 1:50 for 30 min 
at 4°C. The cells were then washed and fixed with cold 4% paraformal- 
dehyde for 10 min, washed, mounted in SlowFade, and observed using an 
Olympus 1X70 equipped for cpifluoresccnce. Immunocytochemistry for 
GFAP and TuJl was performed according to described methods (Wang 
et al., 1998a), as was that for Toll and BrdU (Luskin et al., 1997), CD68 
(Kirschenbaum et al., 1994), and factor VIII (Leventhal et al., 1999). 
Selected cultures were also stained for the more mature oligodendrocyte 
antigens Ol and galactoccrcbrosidc, as described previously (Bansal et 
al., 1989). 



RESULTS 

Dissociates of adult human white matter harbored a 
pool of bipolar, A2B5+ cells 

To fully characterize the cell phenotypes resident in adult human 
white matter, papain dissociates of surgically resected frontal and 
temporal capsular white matter were obtained from eight pa* 
ticnts. These included four males and four females, who ranged 
from 24 to 65 years old. Three patients had temporal lobe resec- 
tions for medication refractory epilepsy; two were subjected to 
decompressive resection during or after extra-axial meningioma 
removal, two samples were taken during aneurysmal repair, and 
one was taleen from the non-neoplastic approach to a histologi- 
cally benign ganglioglioma. The monolayer cultures resulting 
from these white matter dissociations were stained after 5-7 DIV 
for either of two oligodendrocyte markers, which included the 
epitopes recognized by the A2B5 and 04 antibodies. Additional, 
matched cultures were stained after 14 DIV for A2B5, 04, or 
oligodendrocytic CNP protein, and for either neuronal (jSIII- 
tubulin) or astrocytic (GFAP) target antigens. 

In the 14 DIV dissociates of subcortical white matter, 48.2 ± 
10.7% of the plated ceils expressed the oligodendrocytic epitope 
recognized by mAb 04 (n = 3 patients, with a total of 935 04 * 
cells among 2041 scored white matter cells; mean ± SD) (Fig. 2). 
In matched plates, 49.9 ± 4.9% were immunoreactive for oligo- 
dendrocytic CNP protein, and 7.3 ± 3.2% expressed astrocytic 
GFAP. Double-labeling of selected plates revealed that the 04 + 
and CNP"*" pools were primarily overlapping, with a small pro- 
portion of CNP + /04-negative (04) cells. In contrast, the 
GFA + cells only rarely colabeled as 04 + . A small proportion of 
TuJl * neurons (5.2 ± 2.2%) was also observed, as were factor 
Vlll-immunoreactive endothelial cells (11.7 ± 8.9%) and CD68 + 
microglia (19.9 ± 5.5%). Through 30 DIV, the proportions of 
oligodendrocytes and neurons in these cultures remained approx- 
imately stable, with 51.3 ± 7.0% 04 + cells and 6.0 ± 2.1% 
TuJl + cells, respectively. In contrast, the proportion of GFA- 
defined astrocytes in these cultures increased from 7.3 ± 3.2% at 
14 DJV to 15.9 * 1.4% at 30 DIV (p < 0.01 by Student's r test). 

Notably, a distinct population of small bipolar cells, which 
expressed A2B5 but which otherwise expressed neither neuronal 
nor oligodendrocytic phenotypic markers, was observed; these 
constituted 1.8 ± 0.4% (n =* 5 patients) of all cultured white 
matter cells at 7 d. However, these cells became scarcer with time 
in vitro by 30 DIV, and A2B5 + cells constituted <0.1% of the 
total cultured cell pool 

The CNP2 promoter targeted GFP expression to a 
bipolar, A2B5* phenotype 

To identify either oligodendrocyte progenitor cells or their im- 
mature progeny, white matter dissociates were next transfected 
after 2-6 d with ptasmids encoding P/hCNP2:hGFP. Within 4 d 
after transfection with P/hCNP2:liGFP, a small proportion of 
GFP + cells were noted. These were invariably small, bipolar cells 
and constituted <1% of the total cell pool (Fig. 3). After an 
additional 4-7 d in vitro, the cultures were immunostained for one 
of three oligodendrocyte lineage markers, which included A2B5, 
04, and CNP protein, or for either astrocytic GFAP or neuronal 
/3111-tubuJin. At that point, the GFP + cells could generally be 
described as A2B5 + /04 -/GFAP "/TuJl 62.5 ± 8.8% of 
P/hCNP2:hGFP + cells expressed A2B5-IR, 21.1 ± 7.5% were 
04 + , and another 7.3 ± 3.2% expressed astrocytic GFAP. None 
were recognized by mAb TuJl, which targets neuronal 0III- 
tubulin (Menezes and Luskin, 1994). Thus, within the first 7-10 



BEST AVAILABLE COPY 



9990 J. Neurosci., November 15, 1999, /9(22):998&-9995 



Roy et aJ. • Adult Human Oligodendrocyte Progenitors 



Iderttif idation and En richfrtent of Oligbdendrdcyte 
Progenitor Cells from 





.< >. . Ofwoclot* (P«palh/Df«pa*artJNAa«) 
* > Ptat» on Lamlnln . . . 
40hf» 



Upofactioo 



Transfect 




6FP expression' 

in PCHPa-deflned cells 



Figure 4, Culture, isolation, and enrich- 
ment of oligodendrocyte progenitors. Adult 
human subcortical white matter, derived 
from surgical samples of frontal and tempo- 
ral lohe, was dissected and cnzymatically 
dissociated using papain and DNasc and 
then cultured and transfected with either 
P/hCNP2:hGFP or control plasmids (P/ 
CMV:hGFP and Y>/ hCK V2JacZ). 
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d in cullure, P/hCNP2:hGFP selectively identified a population 
of bipolar, A2B5 + cells. When followed over the weeks thereaf- 
ter, most of these P/hCNP2:hGFP + cells developed into oligo- 
dendrocytes, which could be recognized by their small, multipo- 
lar, heavily branching profiles. Indeed, by 4 weeks, most 
P/bCNP2:hGFP + cells expressed 04, whereas only rare cells 
(<1%) continued to express A2B5 immunoreactivity. 

P/hCNP2:hGFP-identrfied cells were mitotic in vitro 

Among white matter dissociates continuously exposed to BrdU 
and transfected with pP/hCNP2:hGFP on day 4 in vitro, 55 ± 
14.8% of the resultant P/hCNP2:hGFP + cells incorporated 
BrdU by day 7 (n — 30 plates, derived from three patients) (Fig. 
3). Similarly, 43.1 ± 9.1% (n = 5 plates) of the A2B5 + cells in 
matched plates incorporated BrdU over the same time period. 
Morphologically, essentially all of these A2B5 + and BrdU * cells 
were bipolar at 1 week (Fig. 2). In contrast, the large majority of 
morphologically mature oligodendrocytes failed to incorporate 



BrdU in vitro. Only 2.1 ± 1.1% of 04"* cells labeled with BrdU to 
which they were exposed during the first week in culture, and 
these few 04 cells may have just arisen from A2B5 + forebears. 

P/hCNP2:hGFP-based FACS yielded a distinct pool of 
bipolar, A2B5 + progenitors 

Using sorting criteria intended for cell type purification, the 
P/hCNP2-driven GFP + cells were then enriched and culrured 
separately (Fig. 4). Immediately after FACS, P/hCNP2:hGFP- 
sepa rated cells primarily expressed A2B5-IR. Furthermore, the 
majority of these A2B5 + cells were found to have incorporated 
BrdU from their culture medium before FACS, indicating their 
initogenesis in vitro (Fig. 5). Within the week after sorting and 
with concurrent transfer to higher serum media, most of the 
sorted ceils developed 04 expression and lost A2B5-IR. 

Notably, P/hCNP2:hGFP-separable cells were not rare. 
Among seven patients whose white matter dissociates were trans- 
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Figure 5. Isolation of P/hCNP2:hGFP + cells by FACS. A and B shows 
| a representative sort of a human white matter sample, derived from the 
frontal lobe of a 42-ycar-old woman during repair of an intracranial 
aneurysm. This plot shows 50,000 cells (sorting events) with their GFP 
fluorescence intensity (FL1), plotted against their forward scatter (FSC, a 
measure of cell $\zz).A indicates the plot obtained from a nonfluorescent 
P/hCNP2:/flcZ-transfected control, whereas B indicates the correspond- 
ing result from a matched culture transfectcd with P/hCNP2:hOFP. The 
boxed area (/?/ and R2) includes those IYhCNP2:hGFP' K cells recognized 
and separated on the basis of their fluorescence emission. The many cells 
thereby recognized in the P/hCNP2:hGFP-transfcctcd sample (B) con- 
trasts to the rare cells so identified in the nonfluorescent P/hCNP2:A/cZ- 
transfectcd control (A). C and D show phase and fluorescence images of 
GFP * cells 2 hr after sorting. Scale bar, 20 vicl 



fectcd with P/hCNP2:hGFP, 0.59 ± 0.1% of all subcortical cells 
expressed the transgenc and could be separated on that basis. As 
a result, typically >2000 pCNP2:hGFP + cells (2382 ± 944) were 
obtained from sorts that averaged 352,000 gated cells (Fig. 6). 

Plasmid transfection favored transgene expression by 
mitotic targets 

The incidence of progenitor cells in the adult white matter may be 
estimated from the frequency of P/hCNP2-defined cells in these 
cultures, once the transfection efficiency of this cell population is 
known relative to the overall white matter cell population. In this 
regard, our net transfection efficiency, determined using P/CM V: 
hGFP, was 13.5 ± 2.2% (n = 3 plates; 10 low-power fields of each 
were scored). This suggested that approximately one cell in eight 
was successfully transfectcd with the promoter-driven reporter. 
On this basis, we estimated that oligodendrocyte progenitor cells 
might comprise as many as 4% (0.59% x 1/0.135 - 4.37%) of all 
cells in the subcortical white matter. However, this figure needs to 
be viewed cautiously, because it assumes that all cells in these 
cultures were transfectcd and expressed the plasmid vectors with 
equal efficiency, regardless of their phenotype or mitotic compe- 
tence. To test this assumption, we exposed a sample of white 
matter cultures to BrdU, and 3 d later, transfectcd them with a 
plasmid of GFP regulated by the constitutively active cytomega- 
lovirus (CM V) promoter (P/CM V:hGFP) (n = 3 plates, with 15 
fields from each scored). One week later, the cultures were fixed, 
and the relative proportions of mitotic (BrdU *') and postmitotic 
(BrdU") GFP + transfectants were determined. 



In keeping with the postmitotic nature of mature oligodendro- 
cytes, only 16.1 ± 1.2% of the cells in unsorted while matter 
cultures had incorporated BrdU by 10 d in vitro (n = 20 fields; 
mean ± SEM). In these same cultures, 9.4 ± 1.0% of the cells 
expressed GFP placed under the control of the CM V promoter. 
Remarkably, however, 78.3 ± 6.5% of these GFP* cells were 
BrdU*; this value was over fourfold greater than the BrdU 
labeling index of the total cell population (p < 0.01 by Fisher's 
exact test). These data suggested that the transduction efficacy of 
dividing cells in these cultures was substantially higher than that 
of postmitotic cells. This in turn suggested that mature oligoden- 
drocytes were either transduced with less efficiency or exhibited 
Jess efficient transgene expression than mitoticaliy competent 
oligodendrocyte progenitor cells. As a result, although the 
P/CNP2 promoter might have been expected to drive transgenc 
expression in oligodendrocytes as well as their progenitor cells, 
the greater transfection efficiency of dividing cells would have 
restricted CNP2:hGFP expression to mitotic cells in the oligo- 
dendroglial lineage, resulting in selective GFP expression by the 
oligodendrocyte progenitor pool. Thus, the enhanced transfec- 
tion and expression of episomal plasmids in dividing cells, com- 
bined with the restriction of P/CNP2 transcriptional activation to 
oligodendrocyte progenitors and their daughters, appeared to 
collaborate to account for the selective expression of P/CNP2: 
hGFP by these adult human oligodendrocyte progenitor cells. 

P/hCNP2:hGFP + -sorted cells matured primarily, but 
not exclusively, into oligodendrocytes 

Whether mitotic or postmitotic when transfectcd, the majority of 
P/hCNP2-sorted cells developed and matured as oligodendro- 
cytes. By 3 weeks after FACS, 74.1 ± 7.7% of these ceils ex- 
pressed oligodendrocyte CNP protein; a matched sample of 
sorted cells stained after 3 weeks in vitro for 04 yielded 66.3 ± 
6.8% 04-IR cells, most of which colabeled for the more mature 
marker galactocerebroside (Fig. 7). Nonetheless, concurrent de- 
velopment of nonoligodendrocytic phenotypes was also noted 
after FACS purification, albeit at lower frequency than oligoden- 
drocytes; immediately after sorting. 6.5 ± 5.4% of the sorted cells 
expressed GFAP, and 11.0 ± 4.6% were GFAP + by 3 weeks in 
vitro. These were not simply false positive contaminants because 
most were observed to express P/hCNP2:hGFP fluorescence. No 
P/hCNP2:hGFP + neurons, as defined by concurrent TuJI/£III- 
tubulin-lR, were observed immediately before FACS. Surpris- 
ingly however, 7.5 ± 4.4% of P/hCNP2:hGFP-sorted cells were 
noted to mature into 0111-tubulin/TuJi + neurons in the week 
after sorting. These TuJl "* cells were similarly confirmed visually 
as expressing P/hCNP2:hGFP (Fig. 8). Importantly, the presence 
of these sporadic P/hCNP2:hGFP + neurons and astrocytes after 
FACS suggests that P/hCNP2-defined progenitors may harbor or 
retain latent multilineage potential, which may be execrcised in 
the low-density, homogeneous cellular environment of the sorted 
pool. 

DISCUSSION 

These data indicate that the adult human subcortex harbors a 
population of residual, mitoticaliy competent oligodendrocyte 
progenitor cells. The cells constitute a discrete population of 
bipolar blasts, distinct from mature oligodendrocytes. The pro- 
genitors are mitoticaliy competent, and as such, distinct from the 
much larger population of mature, apparently postmitotic oligo- 
dendrocytes. These cells were antigenically immature (A2B5*7 
Q4 ") when isolated but matured (04 + /01 + ) over several weeks 
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Figure 6. P/ hCN P2:hGFP-sorled cells divide and express oligodcndrocy tic markers. A-C t A bipolar A2B5 "V BrdU * cell 48 hr after FACS. D-F, Within 
3 weeks, the bipolar cells matured into fibrous, 04 + ceils. These cells often incorporated BrdU, indicating their in vitro origin from replicating A2B5 *' 
ceils. G-f, A multipolar oligodendrocyte expressing CNP, still expressing GFP 3 weeks after FACS. Scale bar, 20 /im. 



in culture. Cell-specific targeted reporting, achieved by transfecl- 
ing the overall white matter pool with plasmids of GFP placed 
under the control of the early promoter for oligodendrocyte 
CNP, allowed the live-cell identification of these progenitor cells. 
This in turn provided a means for their isolation and purification 
by fluorescence-activated cell sorting based on P/hCNP2-d riven 
GIT expression. 

The nature of the adult white matter progenitor pool 

P/hCNP2-defined oligodendrocyte progenitors were not rare. By 
our sorting criteria, they constituted as many as 4% of cells in the 
adult human white matter. This figure is marginally greater than 
previous estimates based on histological identification of 
PDGFaR expression (Scolding et al., 1998). However, our exper- 
iments may have selected for smaller, less fibrous celts, which 
might be the most capable of surviving tissue dissociation and 
sorting. Such a bias might have tended to overestimate the inci- 
dence of competent progenitor cells in the parenchymal dissoci- 
ates, so that 4% should be viewed as an upper limit estimate of 
the incidence of progenitor cells in human subcortical white 
matter. Nonetheless, the relative abundance and ubiquity of these 
cells suggest that they may play an important role in the mainte- 
nance and function of the normal adult white matter. In rats, a 
substantial proportion of the white matter cell population is 
cycling at any one time (Gensert and Goldman, 1996). These cells 
may be recruited to oligoneogenesis in the event of demyelinating 
injury (Gensert and Goldman, 1997), and they may be induced to 
divide in vitro by combinations of factors to which they are 
responsive in development (McMorris and McKinnon, 1996; Shi 
et al., 1998). Salient differences have been noted in the factor 
responsiveness of oligodendrocyte progenitors in adult rats and 



humans, so that the implications of studies on rodent-derived OPs 
for human oligodendrocyte progenitor biology remain unclear 
(Scolding, 1998). Nonetheless, the presence of such a large pool 
of mitotically competent progenitors in humans suggests that 
some degree of oligodendrocytic turnover may be occurring in 
the subcortical white matter. This in turn suggests the possible 
replacement of damaged or dysfunctional postmitotic oligoden- 
drocytes by progenitor-derived recruits. Recent advances in our 
understanding of both the humoral and contact-mediated control 
of oligodendrocyte progenitor expansion in rodents (Shi et al., 
1998; Wang et al., 1998c) argue that these endogenous progeni- 
tors will prove attractive targets for exogenous activation. 

Ontogeny and lineage of parenchymal 
oligodendrocytic precursors 

Neural precursor cells are widespread in the subependymal zone 
of the forebrain ventricular lining (Goldman and Nottebohm, 
1983; Lois and Alvarez-Buylla, 1993; Luskin, 1993; Morshead et 
al., 1994; Kirschenbaum et al., 1994; Kirschenbaum and Gold- 
man, 1995; Pincus et al., 1998) (for review, see Goldman, 1998; 
Goldman and Luskin, 1998). At least some of these cells may 
manifest glial antigenicity in situ (Doetsch et ah, 1999). Whether 
the P/hCNP2:hGFP-defincd subcortical precursors described 
here are coderived with the subependymal progenitor pool is 
unknown. It is also unclear whether the P/hCNP2-defined pre- 
cursors constitute committed oligodendrocyte precursors or 
whether they are more intrinsically pluripotential and generate 
given lineages as a function of the environment to which they are 
exposed. The latter possibility is suggested by the small propor- 
tion of P/hCNP2:hGFP + cells that were found to be GFAP* 
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Figure 7. FACS-sortcd P/hCNP2:hGFP* cells mature pri- 
marily as oligodendrocytes. A % B, P/hCNP2:hGFP-sorted 
cells express 04 (red) and begin process elaboration within 
4 d after FACS. C, O t By 2 weeks after FACS, these cells 
generally develop multipolar morphologies. Red, 04- 
immunoreactive ceils. £, F, Progenitor derived-cells matured 
further over the following weeks, developing oligodendro- 
cyte morphologies and both CNP protein (E) and galacto- 
cerebroside (F) expression by 4 weeks in vitro. Scale bar, 
30 nm. 



astrocytes upon immunostaining; many of these never developed 
expression of any oligodendrocytic marker and appeared instead 
to be astrocytes. This suggests that the P/hCNP2-defincd pro- 
genitor pool may constitute a bipotential astrocyte -oligodendro- 
cyte progenitor, which may yield primarily oligodendrocytic prog- 
eny by virtue of the culture conditions we used. As such, this cell 
type may well be analogous to its A2B5-defined counterparts in 



both the perinatal and adult rat optic nerve (Noble et al, 1992; 
Butt and Ransom, 1993; Coiello et al., 1995; Shi et al., 1998). 

White matter oligodendrocyte precursors may 
constitute a pool of multipotential progenitor cells 

Whether these cells might also be competent to generate neurons 
remains unclear. No P/hCNP2:hGFP + cells were found to ex- 



Figure 8. White matter precursor cells 
may constitute a pool of multipotential 
progenitors. By 1 week after FACS, some 
P/hCN P2:hGFP-sorted cells were noted 
to mature into either TuJl + neurons (A) 
or GFAP + astrocytes (3). Both the 
TuJi * (red in A) and GFAP + (red in B) 
cells were confirmed visually as express- 
ing P/hCNP2:hGFP (green). No such 
neuronal differentiation of CN P2:hGFP- 
identified cells was ever noted in unsorted 
plates, within which these cells generally 
matured as oligodendrocytes and much 
less so as astrocytes. This suggests that 
P/hCNP2-defined progenitors may retain 
some degree of multilineage potential, 
which may be selectively exercised in the 
low-density, homogeneous environment of 
a sorted cell pool in which paracrine influ- 
ences on differentiation arc minimized. 
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press neuronal TuJl in unsorted white matter cultures, of >2000 
hGFP + cells studied. Nonetheless, a small number of TuJl + cells 
were noted to develop in P/hCN P2;hGFP-sorted cultures, and 
these TuJl-defined neurons were confirmed as P/hCNP2:hGFP 
and were not nonfluorescent contaminants of the sorts. Thus, 
with time in vitro, particularly in the mitogen ic FGF2/PDGF/NT3 
environment provided here, it remains possible that these cells 
retain or regain a capacity for multilineage differentiation, as in 
development (Williams et al„ 1991; Davis and Temple, 1994). 
Importantly, we only noted P/hCNP2:hGFP-dc fined cells to ma- 
ture as neurons after high-grade enrichment by sorting. Thus, the 
multilineage potential of these cells might be preferentially exer- 
cised after their isolation from other cell types in low-density 
culture. As such, the relative fidelity to oligodendrocyte pheno- 
typc by P/hCNP2:hGFP-defmed cells in the initial white matter 
dissociates, before FACS, might relied an initial restriction of 
progenitor phenotype by paracrine and /or density-dependent in- 
fluences in vitro. Removal and sorting of these cells to low- 
density, phenotypically homogeneous culture might effectively 
remove such paracrine restrictions, in essence revealing a multi- 
potential progenitor cell in the adult subcortical parenchyma. 

Implantation for the treatment of 
demyelinating diseases 

The high-yield acquisition of oligodendrocyte progenitor cells 
from the adult human white matter may allow us to better define 
those growth and differentiation requirements specific to these 
cells. The potential use of these cells as substrates for induced 
remyelination, whether upon endogenous activation or cngraft- 
ment, suggests therapeutic strategies appropriate to a variety of 
white matter diseases. These potential therapeutic targets include 
ischemic demyeli nation, as in subcortical lacunar infarction and 
hypertensive leukoencephalopathy, postinflammatory demyelina- 
tions, such as radiation necrosis and remitted multiple sclerosis, as 
well as the degenerative and metabolic leukodystrophies. 

Together, these observations suggest that a phenotypically dis- 
tinct pool of oligodendrocyte progenitor cells persists in relative 
abundance in the adult human white matter. P/hCNP2:hGFP- 
based FACS permits their viable harvest in sullicient numbers 
and purity to enable their potential use in cell-based therapeutic 
strategies. 
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A distinct population of white matter progenitor cells 
(WMPCs), competent but not committed to generate oli- 
godendrocytes, remains ubiquitous in the adult human 
subcortical white matter. These cells are present in both 
sexes and into senescence and may constitute as much 
as 4% of the cells of adult human capsular white matter. 
Transduction of adult human white matter dissociates 
with plasmids bearing early oligodendrocyte promoters 
driving fluorescent reporters permits the separation of 
these cells at high yield and purity, as does separation 
based on their expression of A2B5 immunoreactivity. 
Isolates of these cells survive xenograft to lysolecithin- 
demyelinated brain and migrate rapidly to infiltrate these 
lesions, without extending into normal white matter. 
Within several weeks, implanted progenitors mature as 
oligodendrocytes, and develop myelin-associated anti- 
gens. Lentiviral tagging with green fluorescent protein 
confirmed that A2B5-sorted progenitors develop myelin 
basic protein expression within regions of demyelination 
and that they fail to migrate when implanted into normal 
brain. Adult human white matter progenitor cells can thus 
disperse widely through regions of experimental demyeii- 
nation and are able to differentiate as myelinating oligoden- 
drocytes. This being the case, they may constitute appro- 
priate vectors for cell-based remyelination strategies. 

© 2002 Wiley-Uss, Inc. 

Key words: transplant; remyelination; myelin; precursor 
ceils; neural stem cells; cell sorting 



Glial progenitor cells biased toward oligodendrocytic 
production persist within the adult human white matter 
and may be isolated and propagated as such (for review see 
Goldman, 2001). These cells appeared to correspond, in 
both function and phenotype, to analogous progenitors in 
the adult rodent white matter, whose phenotypic potential 
had been previously established in vitro (Wolswijk and 
Noble, 1989) and validated by retroviral lineage analysis in 



vivo (Gensert and Goldman, 1996, 1997; Levison and 
Goldman, 1999). The existence of postmitotic pro- 
oligodendrocytes had previously been determined and 
characterized in the early 1990s by Dubois-Dalq and her 
colleagues in a series of elegant studies (Armstrong et aL, 
1992; Gogate et aL, 1994), and these cells were" subse- 
quently identified and mapped histologically (Scolding et 
aL, 1998). However, mitotically competent progenitors 
capable of giving rise to oligodendrocytes were not iso- 
lated from adult human brain tissue until later (Roy et aL, 
1999), when promoter-based sorting permitted the isola- 
tion of rare or otherwise hard-to-distinguish progenitor 
cells from native tissues. In this approach, fluorescent 
reporters such as green fluorescent protein (GFP) are 
placed under the control of promoters for genes selectively 
expressed in the progenitor cells of interest (Wang et aL, 
1998). The chimeric promoter-driven GFP transgenes are 
then either transfected or infected into the cell population 
containing the target progenitor cell, and, upon GFP 
expression by the cells of interest, the progenitor pool is 
then extracted by fluorescence-activated cell sorting 
(FACS). This approach has allowed the identification and 
isolation of rare neural progenitor cell populations from 
the ventricular zone and hippocampus, from both fetal and 
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adult human samples (Wang et al., 1998, 2000; Roy et al 
2000a,b; Keyoung et al., 2001). 

To determine whether adult human white matter 
might harbor oligodendrocyte progenitor cells, we con- 
structed plasnud vectors containing the early promoter for 
the oligodendrocyte protein cyclic nucleotide phosphodi- 
esterase, placed 5' to the coding region for human GFP 
(hCFP). When we transfected this construct into dissoci- 
ates of the adult human capsular white matter, we ob- 
served that P/CNP2:hGFP was expressed initially by only 
a single, morphologically and antigenically discrete class of 
bipolar cells (Roy et al., 1999). These cells were mitoti- 
cally competent, in that they incorporated bromode- 
oxyuridine (BrdU) and continued to proliferate in low- 
serum base medium containing fibroblast growth factor-2 
(FGF2), platelet-derived growth factor (PDGF), and 
neurotrophin-3 (NT-3). Among the P/CNP2:hGFP + 
cells, most initially expressed the early oligodendrocyte 
marker A2B5 but failed to express the more differentiated 
markers 04, Ol, or galactocerebroside. Some expressed 
astrocytic glial fibrillary acidic protein (GFAP), but none 
expressed neuronal markers when identified by their GFP 
fluorescence in mixed, unsorted cultures. When FACS 
was used to purify these P/CNP2:hGFP + cells, most were 
found to mature as oligodendrocytes, progressing dirough 
a stereotypic sequence of A2B5, 04, Ol, and galactoce- 
rebroside expression (Roy et al., 1999), as during devel- 
opment (Noble, 1997). However, occasional neurons 
were also noted to arise from these cells, particularly in 
low-density preparations following high-purity FACS, a 
condition under which sorted progenitors are largely de- 
void of autocrine and paracrine growth factors. Thus, the 
nominally glial progenitor of the adult white matter might 
actually represent a muitipotential neural progenitor cell, 
restricted to die glial and oligodendrocytic lineage by the 
local white matter environment. As a result, we have 
designated these cells white matter progenitor cells (WMPCs), 
rather than simply glial progenitors, in recognition of their 
intrinsically broad lineage potential. Importantly, these 
cells are not rare: By cytometry based on P/CNP2-driven 
GFP, WMPCs made up over 0.4% of the sorted white 
matter cell pool (Roy et al., 1999). With correction for an 
average plasmid transfection efficiency of 13%, over 3% of 
dissociated white matter cells might be competent to serve 
as progenitor cells. 

In the present study, we sought to assess the engraft- 
ability and myelinogenic competence of these cells when 
introduced into a region of central demyelination. To this 
end, we employed a lysolecithin model, in which we 
injected human WMPCs into the lesioned adult rat brain 
and then assessed the integration, phenotypic maturation, 
and myelinogenic competence of the implanted human 
cells in the environment of the lesioned adult rodent white 
matter. In addition, we sought to achieve a higher yield 
means of separating these progenitor cells from surgical 
samples of the adult white matter, to increase the feasibility 
of using diem in experimental transplantation. 



MATERIALS AND METHODS 



Adult Human White Matter Dissociation and Culture 

Surgically resected adult human brain tissue samples were 
obtained from five patients ranging from 22 to 49 years old (two 
males with aneurysms, a female with a geographically distant and 
histologically circumscribed hemangioma, a female with tem- 
poral lobe epilepsy, and a male with an arteriovenous malfor- 
mation). Surgical resections of forebrain white matter were 
collected in Ca 2+ /Mg 2+ -free Hank's balanced salt solution 
(HBSS), minced, rinsed twice in PIPES (in mM: 120 NaCl, 5 
KCi, 25 glucose, and 20 PIPES), and digested in papain-PiP£S 
(11.4 U/ml papain; Worthington, Freehold, NJ) and DNase 1 
(10 U/ml; Sigma, Sl Louis, MO) on a rocker at 37°C for 1.5 hr. 
The cells were collected by centrifiigation at 200g in an 1EC 
Centra-4B ceritrifiige, resuspended in Dulbecco's modified Eagle's 
medium (DMEM)/F-12/N2 widi DNase I (10 U/ml), and incui 
bated at 37°C for 30 min. The samples were spun again and the 
pellets recovered in 2 ml of DMEM/F12/N2. The cells were then 
dissociated by sequentially triturating for 20, 10, and 5 times, 
respectively, through Pasteur pipettes fire polished to decreasing 
bore diameters. Undissoriated pieces were removed by passage 
through a 40 u,m mesh. The cells were collected and rinsed with 
DMEM/F-12/N2 containing 10% plasma-derived fetal bovine 
serum (PD-FBS; Cocalico, Reamstown, PA) to stop the dissocia- 
tion. The cells were then suspended in DMEWF12/N2 contain- 
ing PDGF-AA (20 ng/mi; Sigma), FGF-2 (10 ng/ml; Sigma), and 
NT-3 (2 ng/ml; Regeneron, Tarrytown, NY) and plated in 
100 mm uncoated petri dishes (Corning, Coming, NY). 

Magnetic Separation of A2B5 + Cells 

After 48 hr in culture, cells dissociated from adult human 
white matter were collected by washing the plates with Ca 2 V 
Mg- -free HBSS. The total number of viable cells was deter- 
mined using calcein (Molecular Probes, Eugene, OR). The cells 
were incubated with supernatant of hybridoma cells expressing 
the monoclonal IgM antibody A2B5 (clone 105; American 
Type Culture Collection, Manassas, VA). Incubation proceeded 
for 30-45 min at 4°C on a shaker. The cells were washed three 
times with 10 times the labeling volume in phosphate buffer 
containing 0.5% bovine serum albumin (BSA) and 2 mM 
EDTA. The cells were incubated with 1:4 microbead-tagged rat 
anti-mouse IgM (Miltenyi Biotech) tor 30 min at 4°C on a 
shaker. For flow cytometric analysis, some cells were incubated 
for die same duration with fluorescein isothiocyanate (FITC)- 
tagged goat anti-mouse IgM (1:50). The cells were washed three 
times and resuspended in an appropriate volume of buffer. The 
A2B5 cells were separated using positive selection columns 
type MS /RS or LS + /VS + (MACS; Miltenyi Biotech). 

Labeling of Human Donor Progenitor Cells 

Lipophilic dye tagging. Some A2B5-sorted cells were 
tagged with l/l'-dihexiidecyW^^'^'-tetramethylindocarbo- 
cyanine perchlorate (Dil; Molecular Probes) at 0.01 mg/ml. 
Dil-tagged cells were noted to retain their fluorescence dis- 
cretely for at least 1 week after tagging and transplantation. For 
longer survival times, cells were identified as donor derived and 
imaged on the basis of anti-human nuclear antibody immuno- 
staining or by BrdU tagging in vitro prior to implantation, with 
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Fig. 1. Oligodendrocyte progenitor 
cells may be extracted from the aduJt 
human white matter. A,B: Separation 
plots of progenitor cells derived from 
dissociates of adult human white matter. 
These graphs plot forward scatter (FCS), 
an index of cell size, against fluorescence 
intensity (Fl.1). A shows separation of 
progenitors based on CNP2:hGFP, and 
B exhibits FACS separation based on 
A2B5-immunoreactiviry. The two cell 
populations sort into homologous quad- 
rants on forward scatter, indicating that 
the two methods extract cells of the same 
size. They also sort into identical pools as 
defined by side scatter (not si i own), in- 
dicating that their shape and internal re- 
flectance are analogous as well. C,D: By 7 
days in culture, most of the A2B5-sorted 
population had become oligodendrocytes 
(C, phase; D, fluorescence). This was 
manifested in their expression of 04 im- 
uuinoreacrivity (green), which recognizes 
a sulftridc epitope characteristic of oligo- 
dendrocytes. Scale bar = 40 |xm. 



subsequent BrdU iminunodetection. Alternatively, some human 
donor progenitors were genetically tagged with GFP, using 
lentiviral delivery. 

Lentiviral GFP. In some experiments, the A2B5- 
sorted cells were infected 24 hr after separation with a puri- 
fied VSV-pseudotyped lenti virus (1 X lOVml) constructed to 
express enhanced GFP (EGFP) under the control of the 
cytomegalovirus (CMV) promoter, with a WPRE 5 wood- 
chuck posttranscription regulatory element. The latter acts 
like poly-A by stabilizing the transcript without stopping 
transcription. The lentivirus was generated by cotransfecting 
plasmids pCMV-D-R8.91 , pMD.G, and pHRCMVGFPwsin 
into 293T cells (Han et al., 1999). Viral particles were col- 
lected after 72 hr. The viruses were partially purified by centri- 
fuging the collected supernatant at 60,000e for 2 hr. "The sorted 
A2B5 cells were infected with the virus in the presence of poly- 
brene (8 p-g/ml). GFP expression was typically observed by over 
half of the cells within each infected cell culture within 24 hr after 
infection. The cells were harvested for transplantation 48 hr after 
viral infection. 

Surgery 

Lysolecithin injection. Lesions were produced in the 
corpus callosa of 200-225 g male nits by stereotaxic bilateial 
injection of 1 jjlI of either 1 .5% (used for xenografts of GFP- 
tagged cells only) or 2% lysolecithin type V (Sigma). The co- 
ordinates were 1.1 mm posterior to Bregma, 1.0 mm lateral to 
the midline, and 2.8 mm ventral (Gensert and Goldman, 1997), 
and the myelinotoxin was delivered at 20 uJ/hr. 



Transplantation. Three days after lysolecithin instilla- 
tion, 100,000 A2B5-sorted cells were delivered in 2 juul HBSS 
into the site of lysolecithin injection, by infusion over 3 nun 
(20 ui/hr). Control animals received comparable injections of 
saline. Animals were sacrificed at 1 (n = 2), 2 (n = 2), 3 (n = 
3), 4 (n = 3), and 8 (n = 1) weeks after xenograft. 

Immunosuppression 

All animals were immunosuppressed with cyclosporin 
(Sandimmune; Novartis; 50 mg/ml). Animals received 
15 mg/kg daily, beginning on the day of lysolecithin lesion and 
proceeding daily thereafter until sacrifice. Animals receiving 
CFP- tagged xenografts were given 20 mg/kg. 

Immunohistochemistry 

Animals were perfused via intracardiac catheter with 
HBSS with Ca 24 7Mg 2+ , followed by 4% paraformaldehyde, 
with postfixation for several hours in 4% paraformaldehyde, 
passage through increasing concentrations of sucrose to 30%, 
and freezing during embedding in OCT (Lipshaw). The brains 
were then cut in 15 (xm sections on a Hacker cryostat. Sections 
were processed for one or more of the following antigenic 
markers: anti-human nuclear protein (Chemicon, Temeeula, 
CA; MAbl281; 1:50 for 2 days, 4°C), anti-CNP (Sternbergeri 
Baltimore, MD; MAb SMI-91; 1:1,000 overnight, 4°C), anti- 
human GFAP (SMI 21; 1:1,000, overnight, 4°C), or antimyclin 
basic protein (anti-MBP; Chemicon Ab980; 1:100 overnight, 
4°C). Secondary antibodies included F1TC, Cy5, and Texas 
red-tagged anti-mouse IgM and IgG, anti-rabbit IgG (Jackson 
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Fig. 2. Implanted white matter progenitors migrated widely through- 
out the demyeiinated callosuni. A-E: Sorted adult human white matter 
progenitors were transplanted into lysolecitiiin-induced demyeiinated 
lesions in the corpus callosa of adult rats. A shows that lysolecithin 
infusion yielded demyeiinated plaques in the subcortical white matter. 
This rat was injected widi 1 uJ of 2% lysolecithin-V, directly into die 
central core of rhe corpus callosuni, then sacrificed for histology I week 
later and immunostained for myelin basic protein (MBP). The large 
central lesion is visible as the discoid region of NtBP iinmuoonegativity. 
surrounded by the otherwise MBP"*" callosum (green). B: Neurofila- 
ment* axons (green) initially survived lysolecithin lesion, as seen here 
1 week after lesion of the callosum. MBP itmnunoreactivity (green) has 
been lost from this lesion core, and implanted progenitors have just 
immigrated to the lesion (orange). However, axonal spheroids were 
frequent within the lysolecithin lesion bed. indicating some degree of 
early injury and transection, to which spheroid formation is a response. 
The ability of implanted progenitors to effect repair is thus limited by 
die viability and integrity of the targeted axonal cohort. C: Dil-labeled 
human progenitor cells (red) I week after implant. Even at this early 



rime point, the cells extend throughout the demyeiinated lesion, which 
is cliaracterized by its lack of MBP immunoreaerivity (green). The 
cannula track (*) indicates the site of cell injection into the demyeii- 
nated lesion, which was induced 3 days before 10 3 sorted, Dil-tagged 
(red) human progenitors were delivered in 2 uj. Inset: Fluorescent 
nucrobeads (red) injected into regions of lysolecithin demyelination 
(MBP; green) failed to disperse beyond their site of injection. D: The 
transplanted cells migrated throughout the demyeiinated plaque, but 
not beyond its borders, except for occasional migrants that followed the 
parenchymal surfaces of blood vessels (arrow). The restriction of mi- 
gration to demyeiinated regions suggests that normal myelin impeded 
the migration of these cells (bottom). E: This low-power montage 
illustrates the extent and rapidity of migration by engrafted white matter 
progenitors. Within 1 week of implantation into this demyeiinated 
callosum, the cells traversed the midline to infiltrate the lesion bed in 
die contralateral hemisphere. The longitudinal extent of this lesion is 
approximately 6 mm, and the rat was sacrificed 1 week after implan- 
tation. Scale bars = 200 u,m in AJE; 20 fim in B; 100 u,m in C,D; 
500 u,m in inset. 



Immunoresearch, West Grove, PA), and Alexa 488- and 594- 
tagged anti-mouse and anti-rabbit IgG (Molecular Probes). 

Imaging 

Brain sections were photographed using an Olympus 
Fluoview confocal coupled to an 1X70 photomicroscope. Im- 



ages were acquired in both red and green emission channels 
using an argon-krypton laser, as previously described (JBcnraiss et 
al., 2001). The images were then viewed as stacked z-dimension 
images, both as series of single 0.5 ujn optical sections and as 
merged images thereof. The z-dimension reconstructions were 
all observed in profile; every human cell doubly labeled with a 
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Fig. 3. Normal white matter was n on permissive for die migration of 
adult progenitors. A2B5-sorted human progenitors xenogrnfted into 
the normal adult rat brain failed to migrate beyond the injection site. 
For this figure, the human cells were pre labeled in vitro with lenti viral 
GFP (green) to allow the implanted progenitors and their progeny to be 
identified. A,B: The implanted WMPCs shown in two different fields 



here were imaged in an animal killed 4 weeks after implantation. The 
implanted cells did not migrate beyond the borders of the initial 
injectate. This contrasted with the widespread migration of these cells 
throughout dcmyclinated foci, as in Figure 2. Scale bars — 200 u.m in 
A; 100 u,m in B. 



phenotypic marker was observed orthogonally in both the ver- 
tical and the horizontal planes to ensure double labeling. 

RESULTS 

Oligodendrocyte Progenitors of the Human White 
Matter Are Selected by A2235 Expression 

In previous studies, we found that transduction of 
adult human white matter dissociates with plasmids bear- 
ing the early oligodendrocyte promoter P/CNP2, driving 
the fluorescent reporter hGFP, permitted FAGS of oligo- 
dendrocyte progenitor ceils from cultured brain tissue 
(Roy et al., 1999). Because P/CNP2:hGFP 4 cells typi- 
cally expressed A2135 immunoreactivity, we asked 
whether separation based on A2B5 might yield the same 
pool of mitotic oligodendrocyte progenitor cells. To this 
end, we first used FACS based on A2J35 expression to 
extract A2B5"*" cells from adult WM dissociates (Fig. I). 
We found that 2.7% ± 0.4% of the cells could be separated 
as A2B5 + (n = 5 patients). This compared with P/CNP2; 
hGFP-based FACS, from which 0.59% ± 0.1% of the cells 
could be sorted as P/CNP2:hGFP + ; the mean transfection 
efficiency of 13.5% would have predicted that as many as 
4.4% of sorted WM cells were potentially P/CNP2: 
hGFP . Using that figure as an arbitrary benchmark, we 
can estimate that A2B5-based FACS achieved die viable 
extraction of 57.4% (=2.7/4.4 X 100) of the P/CNP2: 
hGFP-predicted progenitor cells in the adult white matter. 

Wc next used, bnsed on tins figure, immuno mag- 
netic sorting (IMS) to select A2B5 + cells from adult WM 
dissociates. IMS permits a higher yield than FACS, with a 
greater recovery and higher viability achieved at the ex- 
pense of a higher incidence of false positives. We found 
that, by IMS, 2.87% ± 0.7% of die cells were separated as 



A2B5 (n = 3 patients). This was in accordance with the 
incidence of WMPCs estimated by both P/CNP2:GFP- 
based FACS and A2B5-based FACS. 

As widi the P/CNP2:hGFP + cells, the A2B5 + cells 
were mitotic and gave rise largely to oligodendrocytes 
(Fig. 2). When exposed to BrdU for the first 2 days after 
sorting, A2B5-defined cells incorporated the label and 
expanded in number, indicating their persistent replication 
in vitro. Over the week thereafter, most began to express 
definitive markers of the oligodendrocytic phenotype; by 
1 week after isolation, >70% expressed the oligodendro- 
cyte antigen 04. Together, these data indicate that A2B5- 
based FACS and IMS of the adult human white matter 
yields a population of oligodendrocyte progenitor cells 
that may be homologous to that recognized by P/CNP2: 
GFP-based isolation and FACS. 

Lysolecithin Lesions Provide Demyelinated Foci 
Appropriate for Experimental Implantation 

To establish whether adult human WMPCs could 
survive xenograft to adult brain parenchyma, we im- 
planted human WMPCs into lysolecithin-demyelinated 
callosal lesions in adult rats. Lysolecithin is a useful agent 
for achieving predictable, focal lesions of the white matter 
(Gensert and Goldman, 1997). It results in local demyeli- 
nation with local oligodendrocytic loss, some axonal loss, 
and relative preservation of astrocytic and endothelial el- 
ements. Spontaneous remyelination may occur following 
lysolecithin lesioning and follows a time course that is 
dependent on the type of lysolecithin (Sedal et al., 1992), 
its volume and concentration (Woodruff and Franklin, 
1999), and the age of the animals (Shields et al., 1999). 
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Fig. 4. Xenografted adult white nutter progenitors become oligoden- 
drocytes and astrocytes. Implanted A2B5-sorted progenitors typically 
developed expression of oligodendrocytic CW protein within 2 weeks 
of implantation. A: In a control animal that received a saline injection, 
CNP protein (red) remains absent from the demyeJinated central core 
of the callosum (black) 15 days after lesion. In the matched animal 
shown in B, human wliite matter progenitor cells, recognized by 



anti-human nuclear antibody (AHA; green), were noted both to fill in 
the lesion and to express oligodendrocytic CNP (red) 15 days after 
implantation. C shows a higher magnification of this field; D demon- 
strates CNP expression (red) associated with the cell bodies or" the 
human cells visualized as AHA" 1 " in B. Asterisks are located in the same 
position; arrows in C and D indicate the same cell. Scale bar = ?0 ixm 
in B (for A,B>; 5 jxin in O (for C,D). 



Therefore, lysolccithin lesions mimic salient aspects of 
acute inflammatory demyelination. 

We first confirmed the prior observations of Gensert 
and Goldman (1997) that Jysolecithin lesion was associated 
with a focal lesion of capsular myelin, with initial injury 
predominandy limited to oligodendrocytes and their my- 
elin. When assessed 1 and 3 weeks after 1 pj injections of 
2% lysolecithin-V, these lesions exhibited a mild degree of 
reactive astrocytosis within the demy elina ted focus, the 
vascular architecture of which appeared intact. No myelin 
could be visualized by staining for MBP within 2 mm of 
the callosal injection site. In addition, oligodendrocytes 
were markedly diminished, with a >95% loss of CNP + 
cells witliin the MBP-demarcated lesion (Fig. 2A). Axons 
were present, as assessed by neurofilament staining, but 
axonal spheroids were common, indicating some degree of 
axonal damage and early loss (Fig. 2B). 

Adult Human-Derived A2B5-Defined Progenitors 
Survive and Rapidly Migrate Upon Xenograft 
to Lysolecithin-Demyelinated Foci of the Adult 
Rat Brain 

We next prepared A2B5-sorted progenitor cell pools 
from adult human white matter and stereotaxically im- 



planted them into both normal and lysolecithin-lesioned 
adult rat brain. A2B5 + cells (1 X 10 3 ) were implanted into 
each lesion bed 3 days after a 1 (xl injection of 2% Jyso- 
lecithin. Some donor cells were prelabeled with the li- 
pophilic tracking dye PKH26 to allow their detection after 
implantation (Horan and Slezak, 1989). Other donor cells 
were instead localized using human-specific donor cell 
antigens. At 1, 2, 3, 4, and 8 weeks after implantation, the 
recipient brains were fixed and prepared for histologic 
analysis. 

The implanted cells migrated rapidly, throughout the 
extent of the demyelinated lesions. Witliin 1 week of 
implantation, the cells readily traversed the midline to 
infiltrate the farthest reaches of the demyelinated lesion 
beds, which often extended over 6 mm in breadth. The 
migration rate of the cells was hence roughly 1 mm/chy, 
or almost i>0 [xm/hr within the lesion (Fig. 2B-D). 

The surprisingly rapid and extensive migration of the 
implanted cells raised the possibility that the initial pressure 
of the injection was contributing to their local dispersal. 
To ensure that implanted donor progenitor cells were not 
infiltrating their target lesions as a function of hydraulic 
pressure, we slowly infused them in 2 |xl over 3 min. As an 
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Fig. 5. White matter progenitors express MBP after engraftment to 
demyelinated foci. Sorted oligodendrocyte progenitor cells derived 
from the adult human white matter were injected into adult 
lysolecidiin-lcsioned rat corpus callosuin and were noted to express 
MBP within 3 weeks thereafter. A: In a control animal that received a 
saline injection, MBP (red) remains absent from the demyelinated 
central core of the callosum (black) 3 weeks after lesion. B: In a rat that 
received 100,000 sorted progenitor cells unilaterally, human nuclei 



(green) are surrounded by MBP (red) in the center of the lesion 21 days 
after implantation (24 days after lysolecithin injection). C,D: High- 
power image showing a cluster of AHA + human cells (green) associated 
with a plethora of MBP + , myelinating, oligodendrocyte membranes 
(red). D focuses on the MBP f membra ncs of this field; die oligoden- 
drocyte lamellopodia (red) appear in various stages of enshcathment. 
Scale bar = 20 |xm in B (for A,B); = 5 u.m in D (for C,D). 



additional control, two rats were injected with 6 \Lin 
fluorescent microbeads (Becton-Dickinson, San Jose, CA; 
488 nm excitation). In total 100,000 beads (2 |xl/3 min) 
were delivered into callosal foci of lysolecithin demyeli- 
nation 3 days after lysolecithin injection. The rats were 
sacrificed 2 hr after surgery, and their brains were cryo- 
sectioned and immunostained for MBP. The microbeads 
were noted to line the cannula track and otherwise re- 
mained within a focal deposit at the injection site (Fig. 
2C). These findings strongly suggested that pressure injec- 
tion per se was not associated with significant mechanical 
dispersion of injected cells. 

Normal Brain Is Nonpermissive for Migration of 
Adult Oligodendrocyte Progenitor Cells 

Despite the rapid migration of die implanted pro- 
genitor cells throughout the lesion beds (Fig. 2B,C), the 
cells were typically restricted to regions of demyelination, 
rarely extending into normal surrounding myelin. Even 
the few cells that were typically noted to have infiltrated 
normal myelin appeared to have migrated therein along 
the extraluminal surfaces of blood vessels. The latter ap- 
peared to be limited to vessels that at some point traversed 
the lesion bed and thereby presented their adventitial 
surfaces to the migrating implanted progenitors. 



On this basis, we asked whether the restriction of 
implanted progenitors to the lesion site reflected a relative 
preference for the implanted progenitors to the demyeli- 
nated lesion site or whether it instead reflected an absolute 
impediment of normal white matter to progenitor migra- 
tion (Jefferson et al., 1997). To this end, we genetically 
tagged A2B5-sorted adult human WMPCs widi CMV- 
driven EGFP by infecting them in vitro with a lentiviral 
GFP vector (see Materials and Methods). The fluorescent 
human WMPCs were then implanted into the intact sub- 
cortical white matter of four adult rats to loci including the 
caJlosum, hippocampal commissure, and stria medullaris. 
The fate of the tagged cells was then assessed by sacrificing 
tliree of die animals 1 month after implantation and one 
rat at 2 months. We found that, when injected into intact 
white matter, the adult progenitor cells remained localized 
to the implant sites: Whether assessed 4 or 8 weeks after 
implantation, the cells migrated no fardier dian the bounds 
of the initial injectates (Fig. 3). 

Adult White Matter Progenitors Differentiate as 
MBP + Oligodendrocytes Upon Xenografling 

The engraftment sites each harbored substantial pop- 
ulations of viable cells, many of which expressed CNP 
protein, indicating dieir oligodendrocytic maturation. 
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Fig. 6. Genetically tagged adult human-derived white matter progen- 
itors can mature and survive after xenografting. Sorted white matter 
progenitor cells were tagged with lentivirally delivered GFP, then 
injected into the Iysoierithin-Iesioned rat corpus callosum. The recip- 
ient animal was killed and its brain immunostai ned and imaged by 
confocai microscopy 8 weeks after cell implantation. In A, the GFP* 
human progenitors (green) are seen to express human nuclear antigen 
(AHA; orange), confirming the stability and donor cell restriction of the 



tag. The side and bottom panels appended to A show orthogonal side 
views taken through the indicated MBP + human donor-derived cell 
(blue/green; arrow). B: Blue color channel of A shows that several of 
the GFP-tagged human progenitors implanted into the lesion site have 
differentiated as MBP + oligodendrogha (line demarcates lesion border). 
Many have also matured as astrocytes (data not shown). C shows the 
cell indicated in A, emphasizing its compression of lenti viral GFP, 
human nuclear antigen (AHA), and MBP. Scale bar = 20 |im. 



CNP expression typically appeared in implanted adult 
A2B5-sorted progenitors within 2 weeks of implantation 
(Fig. 4). By 3 weeks, many had developed expression of 
MBP (Fig. 5). These human donor-derived cells were 
noted to project MBP + lamellopodia; at low magnifica- 
tion, they were associated with a fine, filamentous array of 
myelinating fibers. These observations suggested the ini- 
tiation of progenitor-associated myelinogenesis within the 
lesion site (Fig. 5). With cyclosporin immunosuppression, 
we found that these cells could survive for at least 2 months 
in lysolecithin-deniyelirxated rat recipients (Fi^. 6, 7). 

To visualize better the expression of myelin- 
associated antigens by implanted human progenitors, we 
also implanted four lysolecithin-lesion animals with lenti- 
viral CFP-tagged human WM PCs. These animals were 
sacrificed after 4 or 8 weeks, and the fine of the tigged 
progenitors was assessed histologically. At both time 
points, GFP-tagged cells were found to have differentiated 
as admixed populations of oligodendrocytes and astro- 
cytes. No neurons were noted to have arisen from these 
engrafted progenitors in a matched set of 3111-tubulin- 
immunostained sections (not shown). Within the lesions, 



many MBP" 4 " oligodendrocytes were noted to be GFP 
tagged and, hence, derived from donor human progenitor 
cells (Fig. 6). At the lesion borders, a preponderance of 
GFAP GFP-tagged cells was typically noted, indicating 
the astrocytic differentiation of many of the implanted 
progenitors (Fig. 7). Few cells of either type migrated 
beyond the lesion borders. 

DISCUSSION 

Our previous studies revealed the existence of a 
distinct population of mitotic oligodendrocyte progenitor 
cells in the adult human subcortical white matter. These 
cells are present in both sexes and into senescence and are 
both ubiquitous and relatively abundant in the adult fore- 
brain white matter. In this study, we found that these 
oligodendrocyte progenitor cells of die adult human sub- 
cortical white matter may also be identified and isolated on 
the basis of their surface expression of the epitope recog- 
nized by MAb A2B5 and that this antigenic phenotype 
includes those cells defined by CNP2-driven GFP. IMS 
based on A2B5 expression has allowed us to extract these 
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Fig. 7. Both astroc7tes and oligodendrocytes arose from implanted 
adult human white matter progenitors. Fn A, a con focal composite 
shows two GFP-tagged human (green) MBP + (red) oligodendrocytes 
in the lesion bed of a lysolecithm-injected rat caliosum 8 weeks after cell 
implantation. In addition to the MBP"*" cells (arrows), other human 



progenitor-derived cells were also present that did not express MBP 
and that instead manifested astrocytic morphologies (arrowheads), fn B, 
immunolabeUng for human GFAP (red) revealed that many of the 
GFP-tagged human progenitors had in fact given rise to astrocytes. 
Scale bar = 20 u-m. 



cells from human white matter dissociates in numbers tors will likely constitute an important avenue for future 

sufficient for experimental xenografting. study. 

The implanted white matter progenitors were found The engrafted adult-derived progenitors differenti- 

to be highly motile and migratory, infiltrating the demy- ated largely as oligodendrocytes, and also as astrocytes, and 

elinated regions of the white matter over distances up to exhibited myelin protein expression in regions of experi- 

1 cm in the week after implantation. However, they were mental demyelination. The time course of this process was 

found to avoid normal myelin, which effectively excluded relatively rapid; oligodendrocyte differentiation, as re- 

their infiltration. The failure of WMPCs implanted into fleeted by CNP protein expression, ensued within 2 weeks 

the normal brain to migrate beyond the injection bed of donor cell isolation and implantation. Myelinogenesis 

stood in sharp contrast to the fate of otherwise identical appeared to follow closely, such that MBP expression 

cells implanted into lesioned white matter, which mi- attributable to donor cells was evident within 3 weeks of 

grated rapidly and efficiently throughout the available implantation. The efficiency of myelination was difficult 

demyelinated lesion bed. These observations suggest that to assess in this study, insofar as we did not systematically 

normal adult white matter is nonpermissive for the migra- assess the persistence of axons in these lesions. This caveat 

tion of adult-derived WMPGs. This restriction appears to notwithstanding, our observations suggest that the intro- 

be stringent and does not merely reflect demyelinated ductioii of highly enriched preparations of progenitor cells 

tissue acting as a preferential substrate for progenitor mi- derived from the adult human white matter may permit 

gration. In a general sense, progenitor cells may be subject the structural repair of demyelinated lesions in the adult 

to the same types of negative influences on their migration CNS. 
as are axons, whose extension is suppressed in the envi- 
ronment of normal white matter (GrandPre et al., 2000; ACKNOWLEDGMENT 
Ghen et al., 2000) However, whereas several myelin- We thank Dr. Didier Trono for die lentiviral plas- 

associated moieties that suppress axonal extension, and the m ids and protocols, 
axonal receptors for these repulsive ligands, have been 

identified (Fournier et ah, 2001), die operative white REFERENCES 

matter signals that restrict progenitor cell migration have Armstrong ac , D om hh, Kufb cv, Friedman E, Dubois-Dalcq ME. 

yet to be determined. The characterization of these repul- 1992. Pre-oligodwidrocytes from adult human CNS. j Neurosct 12: 

sive ligands and of their anticipated progenitor cell recep- 1538-1547. 
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The subcortical white matter of the adult human brain harbors a pool of glial progenitor cells. 
These cells can be isolated by fluorescence-activated cell sorting (FACS) after either transection 
with green fluorescent protein (GFP) under the control of the CNP2 promoter, or A2B5-targeted 
immunotagging. Although these cells give rise largely to oligodendrocytes, in low-density cul- 
ture we observed that some also generated neurons. We thus asked whether these nominally 
glial progenitors might include multipotential progenitor cells capable of neurogenesis. We 
found that adult human white-matter progenitor cells (WMPCs) could be passaged as neu- 
rospheres in vitro and that these cells generated functionally competent neurons and glia both 
in vitro and after xenograft to the fetal rat brain. WMPCs were able to produce neurons after 
their initial isolation and did not require in vitro expansion or re prog ramming to do so. These ex- 
periments indicate that an abundant pool of mitotically competent neurogenic progenitor cells 
resides in the adult human white matter. 



The adult human subcortical white matter harbors a popula- 
tion of mitotically competent glial progenitors that comprise 
as many as 3% of its cells'- 2 . These cells may be extracted from 
brain tissue using FACS after transfection with GFP-encoding 
plasmids driven by the promoter for CNP, an early oligoden- 
drocyte transcript 2 - 3 . The cells express the immature neural 
ganglioside recognized by monoclonal antibody A2B5 but do 
not express more mature markers of glial lineage. We previ- 
ously noted that when grown at high density, pCNP2:hGFP + 
progenitors gave rise to glia, largely oligodendrocytes. 
Nonetheless, in low-density culture after high-purity FACS, 
pCNP2:hGFP + cells often generated |}III-tubulin + neurons 2 . 
Because neurogenesis was never observed from pCNP2:hGFP + 
cells in higher-density or unsorted cultures, we postulated that 
the restriction of these progenitor cells to the oligodendroglial 
phenotype might be an effect of environmental cues rather 
than a function of autonomous commitment. Once isolated 
into high-purity, low-density culture, and therefore removed 
from any paracrine or autocrine influences, human subcortical 
pCNP2:hGFP* cells were able to generate neurons as well as 
glia 2 . It was subsequently reported 4 that glial progenitors from 
the postnatal rat optic nerve could also generate neurons after 
serum- or bone morphogenetic protein-induced phenotypic 
instruction and basic fibroblast growth factor (bFGF)-stimu- 
lated expansion. Similar work showed that progenitor cells of 
the adult rat forebrain parenchyma could also generate neu- 
rons after prolonged in vitro expansion in bFGF 8 . Taken to- 



gether, these findings indicated that glial progenitor cells 
might retain substantial phenotypic plasticity. 

We asked whether some fraction of the nominally glial prog- 
enitors of the adult human subcortical white matter might ac- 
tually be parenchymal neural stem cells. Specifically, we asked 
whether single, sorted WMPCs could generate multiple neural 
phenotypes, and if so, whether they were capable of expansion 
and self-renewal. In addition, we investigated whether this 
process requires de-differentiative reprogramming to an inter- 
mediate phenotype, or whether simply removing these cells 
from their local environment and mitotically expanding them 
in bFGF might suffice to permit these cells to act as multipo- 
tential progenitors. In doing so, we tested the hypothesis that 
the phenotypic plasticity of adult WMPCs might be tonically 
restricted by the adult parenchymal environment, rather than 
irreversibly lost with development. 

WMPCs were isolated by CNP- and A2B5-based sorting 

White matter was dissected from surgical samples taken at the 
time of temporal lobectomy for epilepsy, aneurysm, and post- 
traumatic decompression (n = 21). The tissues were dissected free 
of adjacent cortex and ventricular epithelium, and enzymati- 
cally dissociated to single-cell suspension as described 2 . The dis- 
sociates were plated onto laminin (100 ng/ml) in DMEM/F12/N1 
supplemented with bFGF (20 ng/ml), NT3 (2 ng/ml) and 
platelet-derived growth factor (PDGF)-AA (20 ng/ml). To iden- 
tify oligodendrocyte progenitors, the dissociates were trans- 
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fected with pCNP2:hGFP, the transcription of which results 
in GFP expression by oligodendrocyte progenitor cells 2 . 

To avoid both the temporal lag between transfection and 
GFP expression and the. inefficiency of pi as mid transfec- 
tion, cultures were also sorted on the basis of A2B5 surface 
immunoreactivity, which can serve as a surrogate marker 
for pCNP2:hGFP* WMPCs in vitro 2 . Immunostaining 
showed that 84 + 8.3% of pCNP2:GFP* cells expressed A2B5 
(ref. 2). GFP-based FACS gated 0.49 ± 0.15% of all white- 
matter cells as pCNP2:hGFP* (mean ± s.e.m.; n = 3 patients; 
Fig. la). Matched cultures transfected with pCMV:GFP had 
a net transfection efficiency of 13.1%. Thus, the predicted 
incidence of pCNP2:hGFP + ceils in the white matter was 
3.7% (= 1 +0.131 x 0.49), consistent with, our prior esti- 
mates of the incidence of this phenotype 2 . From the same 
samples, A2B5-based FACS gated an average of 3.1 ± 0:7% 
(n - 3) of the white-matter cell population (Fig. lb). The 
greater than six-fold increase in net yield when A2B5 was 
used (3.1% versus 0.49%) reflected the higher efficiency 
of A2B5 immunodetection relative to pCNP2:hGFP plas- 
mid transfection- On this basis, we used immunomag- 



a 



pqNP2:hGFP 
0.27% 




0 200 AOO no m 1CS>3 
FSC-Height 




Fig. 1 A2B5-based FACS selects oligodendrocyte progenitor cells, a and b, FACS 
graphs showing the extraction of pCNP2:hGFP* (o) and A2B5* (5) WMPCs from an adult 
human white-matter dissociate. Forward scatter (FCS), a measure of cell size, is plotted 
against fluorescence intensity (Fl-l). When pCNP2:hGFP- and A2B5-based sorts were di- 
rectly compared, their plots showed overlapping profiles, but A2B5* cells were >6-fold 
more abundant than their pCNP2:h GFP* counterparts, reflecting the higher efficiency of 
A2B5 surface tagging, c-f, Progenitors sorted by pCNP2:hGFP (c arid e) and A2B5 (dand 
0 gave rise to 04* oligodendrocytes. A2B5-based surface antigen sorting may thus be 
used as a higher-yield alternative to pCNP2:hGFP transfection-based FACS for isolating 
WMPCs. Scale bar, 24 u.m. 



netic sorting (IMS) to select A2B5* cells from adult white-mat- 
ter dissociates. By IMS, the incidence of A2B5-sorted cells in 
white matter dissociates was 3.6 ± 0.3% (n = 21) with a median 
of 3.1%. This improved yield was accomplished with no ap- 
preciable loss of cell-type specificity, in that the A2B5* cells 
overlapped entirely with the sort profiles of pCNP2:hGFP* 
cells and each isolate generated 04* oligodendrocytes with 
similar efficiency (Fig. lc-f). Thus, A2B5-based FACS and IMS 
identified WMPCs homologous to those recognized by 
pCNP2:GFP-based FACS, while permitting higher-yield isola- 
tion of these cells. 

Adult WMPCs gave rise to multtpotent neurospheres 

To assess the expansion capacity of pCNP2:hGFP- and A2B5- 
sorted cells, we propagated sorted isolates of each in suspen- 
sion*^ 8 . The cells were distributed into 24-well plates at 50,000 
cells per 0.5 ml in serum-free media (SFM) supplemented with 
bFGF (20 ng/ml), MT3 (2 ng/ml) and PDGF-AA (20 ng/ml), a 
combination that permits the expansion of human WMPCs 2 . 
Seven days later, the cells were switched to SFM with bFGF alone 
(20 ng/ml) 8 . Over the next 10 d, neurospheres — spherical masses 
of cells that expand from single parental prog- 
enitors — arose in these cultures, such that by 3 
weeks after sorting, there were 84.8 ± 9.0 
spheres/well (n - 4 patients). These neu- 
rospheres were typically >150 urn in diameter 
and included 46.5 ± 8.2 cells/sphere (Fig. 2a and 
b). Thus, single WMPCs of the adult human 
brain were capable of generating neurospheres. 

To establish the lineage potential of single 
adult human WMPCs, we dissociated the re- 
sultant primary neurospheres and passaged 
them into new wells. Alternatively, some were 
plated onto substrate to permit their differen- 
tiation. Immunostaining showed that both 
pCNP2:hGFP* and A2B5* progenitor-derived 
spheres gave rise to all major neural pheno- 
types (Fig. 2d and e). Among those cells pas- 
saged from primary spheres, secondary 
spheres were observed to arise within two 
weeks after passage. After expansion, these 
secondary spheres were similarly plated on 
substrate, raised for one to two weeks and 
fixed. Immunolabeling confirmed that virtu- 
ally all secondary spheres generated both neu- 
rons and glia together (Fig. 2c and e). In 
addition, when the mitotic marker BrdU was 
added to A2B5-sorted cells, BrdU-incorporat- 
ing neurons, oligodendrocytes and astrocytes 
all emerged from the spheres generated (Fig. 
2f-'i). The persistence of mitotic neurogenesis 
and gliogenesis by single spheres indicated 
that they contained cycling multipotential 
cells. The secondary spheres were probably of 
clonal origin, given the low plating density of 
the single cells from which each was derived 
and the fact that the sphere-forming cells orig- 
inated from primary spheres that had them- 
selves expanded from single-cell dissociates. 
These data indicate that single progenitor cells 
of the adult human white matter are both 
clonogenic and multipotent. 
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Fig. 2 Adult human WMPCs give rise to multipotential neurospheres. 
■a, First-passage spheres generated from A2B5-sorted cells 2 weeks after . 
sorting, b, First-passage spheres arising from pCNP2:hGFP-s6rted cells, at 
2 weeks, c, Second- passage sphere derived from an A2B5-sorted sample, : 
, at 3 weeks, d, Once plated onto substrate; the primary spheres differenti- 
ated into pill-tubulin* neurons (red), CFAP* astrocytes (blue) and 04* 
oligodendrocytes (green), e, Neurons (red), astrocytes (blue) and oligo- ; 



HuD/plll-tubulin/DAPI 



dendrocytes (green) arose similarly from spheres derived from 
pCNP2:GFP-sorted WMPCs. f-h, BrdU incorporation (blue) showed that 
new neurons (f, plll-tubulin (red); g, MAP2 (red)) and oligodendrocytes : 
(h, OA (green)) were generated /n wrro. /, Blll-tubulin* neurons (green) " 
co-expressed neuronal Hu protein* 0 - 41 (red), yielding double labeling (yel- 
low). Nuclei were counterstained with DAPI (blue). Scale bars, 100 urn 
(a-e) or 40 jim (f-t). : 



Single WMPCs remained multipotential with passage 
The serial propagability of sorted ^A^^^PCs from neurospheres 
in low-density dissociates suggested the clonal derivation of 
each individual sphere*"' 1 . To further validate the clonal origin 
of neurons and glia arising within single spheres, we used 
lentiviral GFP to genetically tag and follow single WMPCs. 
A2B5 + cells were tagged/ 2-5 d after sorting, with a lentivirus 
expressing GFP under cytomegalovirus (CM V) promoter con- 
trol 1 ^ 14 . At 10 PFU/cell, 23% of the cells expressed GFP by one 
week after sorting, yielding a mixture of GFP", GFP + and mixed 
spheres in the resultant cultures (Fig. 3a-b). These primary 
spheres were triturated two to four weeks later to single-cell 
suspensions and passaged into bFGF at -3,000 cells/well. 
Under these conditions, 40.8 ± 12.9 secondary spheres/well 
were generated, indicating a clonogehic cell incidence of 1.3% 
(h = 5). Of these secondary spheres, 47.2 ±10.8% contained . 
only GFP* cells (Fig. 3c-rf) whereas 30.9 ± 6.9% harbored no 
GFP* cells. The relative uniformity of GFP expression/or lack 
thereof, among the cells within a given sphere indicated that 
most spheres were clon ally derived (P < 0.005 by x 2 analysis). 
This tested the hull hypothesis that the spheres arose from 
non-clonal aggregation of two or more cells, each of which was 



equally likely to be GFP* or GFP". When the single spheres were 
plated onto poly ornithine and fibronectin and their outgrowth 
assessed two weeks later, all gave rise to both neurons and glia 
(Fig. 3e-g). Because most. secondary spheres were likely to have 
been clonally derived, and all included neurons as well as glia 
(38 of 38 spheres; n = 4 samples,), single WMPCs must have 
given rise to neurons and glia together. 

We next asked if the neurogenic capacity and multilineage 
competence of . WMPCs were maintained with passage. 
Primary spheres were raised serially in bFGF/NT3/PDGF-AA for 
7 d, DMEM/F12/N1 with 15% serum /PDGF-AA for 4 d, and 
serum-free DMEM/F12/N1 with bFGF for 10 d. Cells were then 
dissociated and replated in bFGF at 3,000 cells/well in a 24- 
well plate. Secondary spheres arose within two weeks from 1.1 
± 0.3% of these cells (rc - 8). After more than two weeks of fur- 
ther expansion, the secondary spheres were plated on polyor- 
nithine and fibronectin arid were fixed and immunostaihed 
two weeks later (seven to nine weeks after sorting); Whereas 
primary spheres consisted of 21.7 ± 4.3% plll-tubulin* neu- 
rons, 17.7 ± 3.9% glial fibrillary acidic protein (GFAP)* astro- 
cytes and 46.7 ± 5.9% 04* oligodendrocytes (n = 3), secondary 
spheres consisted of 16.0 + 2.5% neurons, 19.3 ± 3.2% astro- 
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cytes and 46.4 ± 2.4% oligodendrocytes (ri = 3). Most of the 
neurons were GABAergic, by virtue of their expression of glu- 
tamic acid decarboxylase-67 (GAD67) (Fig. 4a-c). Because the 
relative proportions of neurons, oligodendrocytes and astro- 
cytes in secondary spheres were similar to those in primary 
spheres, we concluded that WMPCs retained multilineage 
competence with expansion. 

WMPC-derived neurons become functionally mature 

The calcium responses and membrane currents of WMPC-de- 
rived neurons were assessed to establish their ability to re- 
spond to depolarizing stimuli. Primary spheres (n = 12 fields, 
derived from 3 brains) were plated on fibronectin to permit 
neuronal outgrowth, and assessed 14 d later for their calcium 
responses to depolarizing stimuli. The cultures were then 
loaded with the calcium indicator dye Fluo-3 and serially ex- 
posed to both 100 uM glutamate and 60 mM potassium 
during confocal microscopy. Astrocytic responses to depolar- ; 
ization were minimal under these culture conditions, as pre- 
viously noted. In contrast, neuron-like cells displayed rapid, 
reversible, >100% elevations in cy.tosplic calcium in response 
to potassium, consistent with the activity of neuronal volt- 
age-gated calcium channels (Fig; 4d-f). The neuronal pheno- 
type of these cells was then validated by immunostaining for 
pill-tubulin. 

We then asked whether WMPG-derived neurons would be 
able to develop the fast sodium currents and action potentials 
characteristic of electrophysiolpgically competent neurons/ 
We used whole-cell patch-clamp- recording during current 
stimulation to assess the response of WMPC-derived neurons 
that arose from plated secondary, spheres derived from A2B5- 



sorted isolates. A total of 58 WMPC-derived fiber-bearing cells 
were recorded, in 5 cultures derived from 3 patients. Of these, 
13 showed voltage-activated sodium ion currents (/ Na ) of >100 
nA, and 7 had J Na > 600, compatible with the fast sodium cur- 
rents of neuronal depolarization 15 * 16 . Accordingly, whereas two 
of five cells with J Na > 800 generated stimulus-evoked action 
potentials (Fig. 4g-h), none did so with 7^ < 800. In addition, 
none of 26 morphologically non-neuronal cells showed sub- 
stantial (5100 pA) current-induced sodium currents. Together, 
these results indicated that neurons arising from adult human 
WMPCs developed mature electrophysiologic functions, in- 
cluding both fast sodium currents and action potentials. 

WMPCs generated neurons without rep rog ramming 
Glial progenitor cells from the postnatal rat optic nerve can 
generate neurons, under conditions that have been described 
as 'reprogramming' glial progenitors to multilineage compe- 
tence 4 . In that study, neurogenesis was achieved by first in- 
structing the cells to an intermediary astrocytic lineage using 
either serum or bone morphogenetic prptein-2, followed by 
bFGF-stimulated mitogenesis. We asked whether such repro- 
gramming steps are required for the generation of neurons 
from adult human WMPCs, or whether simple expansion 
under minimal conditions in vitro, with the removal of these 
cells from their environment, might be sufficient to permit 
neurogenesis by these cells. Sorted A2B5* cells were cultured in 
several permutations of mitogenic and differentiative condi- 
tions to identify the minimal conditions, permissive for lin- 
eage-diversification. We compared the pheno types generated 
under three conditions: (i) bFGF/NT3/PDGF-AA in SFM (com- 
posed of DMEM/F12/N1) for 7 d, followed by 15% FBS/ PDGF- 
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Fig. 3 Single lentiviral GFP-tagged WMPCs generated neurons and 
gtia. A2B5-sorted WMPCs were infected with a fentivtrus encoding en- 
hanced GFP 14 , 5 d after sorting, a and b. Secondary spheres subse- 
quently derived from infected cells harbored either GFP-tagged cells 
(arrowhead), untagged cells (arrow) or, less commonly, both, c and 
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d, GFP* secondary sphere 1 week after plating, e and f, plil-tubulin 4 neu- 
rons (red) and GFAP + astrocytes (blue) arising from a single clonally de- 
rived GFP* secondary sphere, g, GFP* (green) and 04* (red) 
oligodendrocytes arising from a secondary sphere. Scale bars, 1 00 ^im (o 
and b), 60 urn (c and d) or 40 |im (e-p). 
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A A for 4 d and SFM with bFGF for two 
weeks; (ii) bFGF/NT3/PDGF-AA in 
SFM continuously for three weeks; 
and (iii) bFGF alone in SFM for three 
weeks. The first condition was in- 
tended to promote initial differentia- 
tion in serum, whereas the latter two 
groups were designed to skip this glial 
differentiative step 4 . 

The A2B5-sorted progenitors 
yielded spheres under each of these 
conditions; however, both the num- : 
ber of spheres and the percentage of 
neurons generated by each differed 
as a function of treatment. Cultures 
maintained in base media alone or in 
bFGF-supplemented media had 5.9 ± 
1.7% and 7.2 ± 2.1% plll-tubulin* 
neurons, respectively (n = 3 patients). 
When matched WMPC-derived 
spheres were sequentially raised in 
bFGF/NT3/PDGF-AA with 1 5% serum 
and bFGF, 18.2 ± 2.2% of the cells 
were plll-tubulin* (Fig. 5a). A similar 
proportion of neurons (22 ; 5 ± 1.9%; 
n = 3) was generated by those neu- 
rospheres maintained in SFM with 
DFGF/NT3/PDGF AA. Serum expo- 
sure was therefore not required tot 
A2B5* cells to generate neurons. 
Indeed, no specific signals seemed 
necessary for neuronal instruction, 
besides those provided by PDGF and 
NT3. These data indicated that an- 
tecedent astrocytic differentiation was 
not a-necessary prerequisite to neuro- 
genesis by adult WMPCs. These cells 
required neither prolonged mitogenic 
expansion, nor specific dedifferentia- 
tion steps, to generate neurons as well 
as glia\ 

Although both PDGF and NT3 pro- 
mote oligodendrocyte production by 
glial progenitors of the rat optic 
nerve 1718 , each can induce neuronal 
differentiation in less-committed hip- 
pocampal and ventricular zone neural 
progenitors 19,20 . As such, their neuro- 
genic effects on adult WMPCs may re- 
flect the relatively undifferentiated 
state of these cells. 
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Fig. 4 WMPC-derived neurons showed functional 
maturation in vitro, a-c, Neurons derived from 
adult human WMPCs had a CABAergic phenotype. . o 

a, Outgrowth of a WMPC-derived neurosphere, 
stained for neuronal (Jlll-tubulin after 35 d in vitro. 

b, Immunostaining showed that all 9 neurons in the field were GAD67t and were thus likely to be 
GABAergic. c, DAPI nuclear counterstaining showed the abundance of cells in the field. d-f $ WMPC- 
derived neurons developed neuronal Ca 2+ responses to depolarization. d f WMPC-derived cells loaded 
with the calcium indicator dye Fluo-3, 10 d after plating of first-passage spheres derived from A2B5- 
sorted white matter (35 d in vitro total). Many fiber-bearing cells of both neuronal and glial morpholo- 
gies are apparent, e, The same field after exposure to 1 00 jiM glutamate. r, The same field after exposure 
to a depolarizing stimulus of 60 mM KCI. Rapid, reversible, >100% elevations in.cytosolic calcium oc- 
curred in response to K\ consistent with the activity of neuronal voltage-gated calcium channels. Scale 
bar, 80 urn. g and h, Whole-cell patch-clamp experiments detected voltage-gated sodium currents and 
action potentials in WMPC-derived neurons, g, Representative cell, 1 4 d after, plating of first-passage 
sphere derived from A2B5-sorted white matter. The cell was patch clamped in a voltage-clamped con- 
figuration and its responses to current injection were recorded, h. Action potentials (AP) were noted 
after positive current injection, at /„, >8Q0 pA (left tracing). The fast negative deflections noted after de- 
polarization steps are typical of the voltage-gated sodium currents of mature neurons (right). 



Only a fraction of A2B5* cells were clonogenic 

We next assessed the incidence of clonogenic and multipoten- 
tial progenitor cells within the larger pool of A2B5-sorted white- 
matter cells. We first assessed whether either the survival or the 
mitotic competence of adult human WMPCs were dependent on 
density, by assessing the limiting dilution at which clonogenic 
progenitors could be obtained from A2BS-sorted white-matter 
dissociates. A2B5 + cells were plated immediately after sorting, at 
densities ranging from 100,000 to 1,000 cells/ml (0.5 ml cell sus- 
pension per well of a 24-well plate), in basal media supple- 



mented with bFGF/NT-3/PDGF-AA. Under these conditions, the 
incidence of clonogenic progenitors was a curvilinear function 
of the sorted cell density {R z = 0.978; Fig. Sb). Whereas 186 ± 7.6 
spheres were generated at a density of 100,000 cells/ml (0.4%; n 
= 5 patients), only 6.5 ±2.7 were noted at 10,000 cells/ml (0.1%) 
and no sphere generation was noted at or below 5,000 cells/ml. 
Thus, the expansion of purified WMPCs was density dependent 
and optimal at 50,000-100,000 cells/ml. Densities higher than 
the optimal range seemed to promote terminal differentiation of 
the progenitors. 
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Fig. 5 WMPCs show density-dependent expansion and neurogenesis, a, WMPCs can generate 
neurons after initial isolation. When A2B5 -sorted cells were maintained in base medium alone or in 
bFGF-supplemented medium, 5-7% plll-tubulin/TuJI* neurons were observed in the culture. 
WMPC-derived spheres raised continuously in ;bFGF/NT3/PDGG-AA or sequentially in 
bFGF/NT3/PDGF-AA, 15% senjm/PDGF-AA and bFGF, gave rise to progressively higher, percent- 
ages of neurons (see text). *, P< 0;01 by. one-way analysis of variance with Bonferroni f-test. F, 
bFGF; N, NT3; P, FDGF-AA; CFBS, characterized fetal bovine serum, b, Adult human WMPCs show, 
density -dependent expansion, such that no sphere formation was observed below a cell density of 
1 0,000 cells/ml. The incidence of sphere formation was a curvilinear function of cell density (fi 2 - 
0.9781 ). c and d, Only A2B5-selected cells generated spheres, c, First-passage spheres generated 
from A2B5* cells 2 weeks after sorting, d, A2B5-dep|eted remainder of A2B5-cells, derived from the 
same source culture as cells in (c), exhibited no evidence of sphere formation 2 weeks after sorting. 
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To assess whether clonogenic WMPCs were restricted to the 
A2B5* population, we also cultured the A2B5 -depleted pool re- 
maining after each sort. A2B5-depleted cultures did not give rise 
to any passageable neurospheres at any of the cell densities as- 
sessed over the range of 1,000-100,000 cells/ml (Fig. Sd). On the 
basis of these studies, we concluded that only a fraction of 
white-matter A2B5 + cells are actually clonogenic and multipo- 
tential progenitors, although all clonogenic WMPOs are A2B5 + . 

Adult WMPCs showed limited self-renewal 

We next sought to define the extent to which WMPCs were self- 
renewing by assessing the extent to which WMPC-derived neu- 
rospheres were capable of repetitive passage. Primary spheres 
were raised from three patients at an optimal initial density of 
100,000 cells/ml, under the conditions identified as most sup- 
portive of multilineage expansion (bFGF/NT3/PDGF-AA in 
DMEM/F12/N1). One month later, the spheres were dissociated 
and replated. Secondary spheres were generated and were re- 
plated one month later at 1 x 10 4 -5 x 10 4 cells/ml. These cultures 
gave rise to tertiary spheres over the following month, though 
with less efficiency and a smaller volumetric expansion than sec- 
ondary spheres. Attempts at propagating these spheres as quater- 
nary spheres, after additional dissociation, were generally 
unsuccessful. Given an apparent cell doubling time of 3-4 d 
(data not shown) and monthly passages spanning 8-10 dou- 
blings, we estimated that the tertiary spheres assessed one 
month after the last passage underwent a minimum of 16-24 
and no more than 30 doublings. This is well below the number 
of doublings of which tissue-derived stem cells are typically 
thought capable. 

Our inability to successfully passage these cells beyond 16-24 
doublings called into question their ability to self-replicate for 
extended periods of time in vitro. Their limited replicative com- 
petence contrasted with that of neural progenitors sorted from 
the fetal human ventricular zone, which may be readily pas- 
saged for >60 doublings under analogous culture conditions 21 . 



Such self-renewal capacity has been ascribed to sustained telom- 
erase activity in a number of developing systems, including the 
fetal human forebrain 22 - 23 . To assess whether the apparently fi- 
nite proliferative potential of adult human WMPCs reflected a 
lack of telomerase activity, telomerase levels were assessed using 
the telomerase reverse transcriptase activity protocol (TRAP) 
assay 23,24 . We did not detect any telomerase activity in primary or 
secondary WMPC-derived spheres, despite high-level activity in 
a variety of positive controls (see Supplementary Fig. 1 online). 
Their lack of extended replicative potential, coupled with their 
lack of telomerase activity, suggests that adult WMPCs might 
constitute a pool of multipotential progenitors with a finite 
capacity for mitotic expansion, transitional between tissue- 
restricted stem cells and phenotypically committed progenitors. 

WMPCs produced neurons and glia after fetal xenograft 

We next assessed whether WMPCs were multipotential in viva as 
well as in vitro by evaluating their fate after engraftment to em- 
bryonic stage (E) 1 7 fetal rat brains. Some A2B5-sorted cells were 
transplanted 24-48 h after sorting to assess their lineage poten- 
tial upon initial isolation. These cells were maintained only in 
SFM during the period between isolation and xenograft and were 
never exposed to any exogenous growth factors. Other cells were 
transplanted 10 d after sorting, after . maintenance in 
bFG F/NT3 /PDG F- AA for 4 d and 15% serum/PDGF-AA followed 
by bFGF, for 3 days each. All donor cells were administered into 
El 7 rat embryos by intraventricular injection at 10 s cells/animal. 
The recipients were killed and fixed four weeks after birth to 
evaluate the fate of the implanted human cells. Human donor 
cells were identified by immunolabeling of brain sections for 
human nuclear antigen (HNA). 

In rats implanted with propagated WMPCs (Fig. 6) and their 
counterparts injected with acutely isolated WMPCs (see 
Supplementary Fig. 2 online), donor-derived migrants co-ex- 
pressing HNA with either nestin or doublecortin 25 were found in 
the host olfactory subpendyma and hippocampus (Fig. 6a and 
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Fig. 6 WM PCs engrafted into fetal rats give rise to neurons and glia in a site-specific man- 
ner. Sections from a rat brain implanted at El 7 with A2B5-sorted WMPCs and killed 1 month 
after birth. Cells were maintained in culture for 10 d before implanting, a and b, Nestin* (a) 
progenitors and doublecortin* (b) migrants (red) each co-expressing HNA (green) in the hip- 
pocampal alvius. c, CNP* (red) HNA* (green) oligodendrocytes, found exclusively in the cor- 
pus callosum. d, Low- power image of GFAP* (green) HNA* (red) astrocytes (yellow, 
double-positive) along the ventricular wall, e, plll-tubulin* (green) and HNA* (red) neurons 
migrating in a chain in the hippocampal alvius: f, plll-tubulin* and MAP2* (inset) neurons in 
the striatum, adjacent to the rostral migratory stream (green, blll-tubutin and MAP2; red, 
HNA; yellow, double-stained human nuclei), g, Hu* (red) HNA* (green) neuron in the sep- 
tum, h, CAD67* (red) HNA* (green) striatal neuron. Insets (o-f) show orthogonal projections 
of a high-power confocal image of each identified cell (arrow). Scale bars, 40 urn (o-e) or 
20 |im (f-h). 



b). In addition, abundant populations of 
HNA* pill-tubulin* neurons were found in 
the olfactory subependyma and rostral mi- 
gratory stream as well as in the hippocam- 
pal alvius (Fig. 6e). WM PC-derived neurons 
were also observed in the neostriatum, indi- 
. eating striatal neuronal differentiation on 
the part of some xenografted WMPCs (Fig. 
6/). These data showed that engrafted adult 
human WMPCs could integrate into the 
forebrain subventricular zone as neuronal 
progenitor cells that then gave rise to both 
granule and striatal neurons. Human 
WMPC-derived GFAP* astrocytes and CNP 
, oligodendrocytes were also common in re- 
: cipient brains and were found primarily 
along the ventricles or in the subcortical 
white matter (Fig. 6c and d). Thus, adult 
human WMPCs showed context-dependent 
differentiation after xenograft to the devel- 
oping rat brain and were competent to do so 
upon acute isolation, without the benefit of 
humoral instruction in vitro. 

Discussion 

These observations suggest that the WMPCs 
of the adult human forebrain include multi- 
potential progenitor cells, capable of a finite 
and limited degree of expansion and self-re- 
newal. These cells remain competent to re- 
spond to local instructive cues, with a wide 
range of lineage choices, upon xenograft as 
well as in vitro. They are readily able to give 
rise to neurons and glia once they are re- 
moved from their native white-matter envi- 
ronment. The freshly isolated adult WMPCs 
in our study did not require prolonged ex- 
pansion to undergo neurogenesis in vitro, 
and seemed immediately competent to gen- 
erate neurons upon xenograft to the develop- 
ing brain. 

Previous studies of the adult rat brain have 
identified parenchymal progenitor cells that 
are able to give rise to neurons and glia after 
a number of cell doublings, in the presence 
of bFGF 8 . In addition, nominally committed 
glial progenitor cells derived from the neona- 
tal rat optic nerve have also been reported to 
give rise to neurons and oligodendrocytes 4 . 
The lineage diversification of these cells 
seems to require a humorally directed repro- 
gramming of their phenotype, with the in- 
duction of an astrocytic intermediary on the 
way to neurogenesis. In the present study, 
adult human WMPCs did not seem to require 
any such reprogramming or transdifferentia- 
tion to achieve multilineage competence. 
Similarly, they did not seem to pass through 
an intermediate astrocytic stage before gener- 
ating neurons, oligodendrocytes and astro- 
cytes. Indeed, after their acute isolation and 
xenograft, A2B5-defined WMPCs were able to 
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generate all major neural phenotypes in vivo and m vitro, without 
any exogenous growth factor exposure. Nevertheless, because an 
average of 7% of A2B5-sorted white-matter cells co-expressed 
GFAP (data not shown), it is possible that some WMPCs exhibit 
astroglial features at some point during their ontogeny, much 
like subventricular neural progenitor cells 26 * 27 . This categoriza- 
tion notwithstanding, our results suggest that the WMPCs of the 
adult human brain are fundamentally tissue-specific progenitor 
cells that are tonically restricted to glial lineage by the local 
parenchymal environment, and do not require specific pheno- 
typic reprogramrning for neuronal differentiation. 

These data suggest that adult human WMPCs constitute a 
population of parenchymal glial progenitor cells whose in situ 
fate is restricted by the local white-matter environment. Yet the 
progenitor cell pool of the adult white matter may be heteroge- 
neous, and it is not clear whether all WMPCs have the same on- 
togeny or fate potential 2 * 1 " 30 . A minority of mult ipo ten tial 
progenitor cells might still persist among a larger pool of more 
fundamentally lineage-restricted glial progenitors 8 . These 
parenchymal multipotent progenitors may constitute a rela- 
tively rare subpopulation, more akin to persistent stem cells 
than to any lineage-restricted derivatives 31 - 32 . In this regard, al- 
though we did not detect telomerase activity in sorted WMPCs, 
if the clonogenic portion of these represents only a small frac- 
tion of the total progenitor pool, then their numbers might have 
been below the detection threshold of our TRAP assay. Further 
study of the heterogeneity of the white-matter progenitor cell 
population, and of the lineage competence of its constituent 
phenotypes, will be needed to define the spectrum of progenitor 
cell types in the adult brain; These considerations aside, multi- 
potential and neurogenic progenitors are abundant in the adult 
human white matter and are both extractable and expandable. 
These cells may prove to be important agents for both induction 
and implantation strategies of cell-based neurological therapy. 

Methods 

Tissue dissociation and culture. Adult subcortical white matter was surgi- 
cally obtained from 21 patients, including 14 undergoing epileptic resec- 
tions (age 1-50 years; 7 males and 7 females), one undergoing aneurysmal . 
repair (69-year-old male), 2 undergoing resections of a noncontiguous dys- 
plastic focus (20-year-old male and 36-year-old female) and 4 undergoing 
traumatic temporal lobe decompressions (17-67 years old; all males). 
Samples were obtained from patients who consented to tissue use under r 
protocols approved by the New York Hospital-Cornell and Columbia 
Presbyterian Hospital Institutional Review Boards. The samples were dis- 
sected and dissociated to single-cell suspensions using papain and DNase 
as described" 3 *". The cells were then suspended in DMEM/F1 2/N1 with ei- 
ther bFCF {20 ng/ml; Sigma, St. Louis, Missouri) alone or bFGF with NT- 3 
(2 ng/ml; R&D Minneapolis, Minnesota) and PDCF-AA (20 ng/ml; Sigma), 
and plated in 1 00-mm suspension culture dishes (Corning, New York); 

Magnetic separation of A2B5* cells. The number of viable cells was deter- 
mined using calcein (Molecular Probes, Eugene, Oregon) 24— 48 h after dis- 
sociation. The cells were then washed and incubated with A2B5 supernatant 
(clone 1 05; American Type Culture Collection, Manassas, Virginia) for 30-45 
min at 4 °C, washed 3 times with PBS containing 0.5% BSA and 2 mM EDTA, 
and incubated with microbead-tagged mouse-specific rat IgM (1 :4; Miltenyi 
Biotech, Bergisch Glad bach, Germany) for 30 min at 4 °C. The A2B5* cells 
were washed, resuspended and separated using positive selection columns, 
type MS* RS + or LS* VS* (magnetic cell sorting (MACS); Miltenyi Biotech). 
For flow cytometry of matched samples, cells were incubated in FITC-labeled 
mouse-specific goat IgM at 1 :50 before FACS. 

Transfection and sorting. Samples were transfected with pCNP2:hCFP 
after 2-6 d in vitro, using 2 ug of plasmid DNA and 10 u.1 of Ltpofectin 



(Cibco, Carlsbad, California) as described 2 -"* 3 . Sorting for pCNP2:hGFP 
and A2B5 immunofluorescence was performed on a Becton- Dickinson 
FACS Vantage (San Diego, California), also as described 2 - 31 * 33 , Untransfected 
and lgM4xposed control cells were used to calibrate background; a false- 
positive rate of 1% was accepted as cutoff. 

Generation of primary and secondary spheres. A2B5* and A2B 5 -de- 
pleted white-matter cells were distributed to a 24 -well plate directly after 
sorting, at 100,000, 50,000, 25,000, 10,000, 5,000 and 1,000 cells/ml 
with 0.5 ml/well of DMEM/F1 2/N1 with DFGF/NT3/PDGF-AA. The resulting 
WM PC-derived neurospheres were passaged at the 50- to 1 00-cell stage, 
by dissociation to single cells with trypsin and EDTA. The ceils were plated 
at 3,000 cells/well. Three weeks later, the resultant secondary spheres were 
either dissociated and passaged again as tertiary spheres/or plated into 2% 
FBS with 20 ng/ml brain-derived neurotrophic factor on a polyornithine 
and fibronectin substrate and fixed 2 weeks later. 

Lentiviral tagging and lineage analysis. A2B5-sorted cells were infected 
2-5 d after separation with lentivirus (10* PFU/ml) expressing GFP under 
CMV promoter control and a WPRE5 post-transcriptional regulatory ele- 
ment' 2 -". The lentivirus was generated by co-transfecting plasmids 
pCMV/DR8.91, pMD.G, and pHRCMVGFPwsin into 293T cells as de- 
scribed". A2B5-sorted cells were exposed to lentivirus for 24 h in poly- 
brene-supplemented medium (8 ug/ml), then passaged into fresh medium 
in 24-well plates. GFP expression by tagged cells was observed within 2 d. 
The primary spheres that arose in these cultures were dissociated 3 weeks 
later and replated at 3,000 cells/well; secondary spheres arose from these 
within 2 weeks. 

TRAP assay. Telomerase activity was determined using the TRAP assay 23 - 24 , 
described in detail in the material accompanying Supplementary Figure 1 
online. 

In utero transplantation. Transuterine xenograft into El 7 rat fetuses was 
performed as described 21 - 3 *. Some cells were injected within 24—48 h after 
sorting and others after 10 d in vitro in FGF2, PDGF-AA and NT3. One 
month after implantation, the animals were perfusion-fixed by 4% 
paraformaldehyde. Experiments were conducted with the approval of the 
Institutional Animal Care and Use Committee of the Weill Medical College 
of Cornell University. 

Immunocytochemistry. Xenog rafted rat brains were cryosectioned at 15 
jam, permeabifized with PBS, 0.1% saponin and 1% NG5, and blocked with 
PBS, 0.05% saponin and 5% NGS, each for 30 min. Sections were labeled 
with HNA-specific mouse antibody (1 :50; Chemicon, Tern ecu la, California), 
then immunostained with Bl I l-tubu I in-specific antibody TuJI (1:600; 
Covance, Princeton, New jersey), MAP2-specific antibody AP-20 (1 :50; 
Sigma), HuC/HuD-specific mouse monoclonal antibody 16A11 (25 jig/ml; 
H. Furneaux, Memorial Sloan -Kettering Cancer Center, New York), GAD67- 
specific rabbit antibody (1 :100; Chemicon), GFAP-specific mouse antibody 
SMI 21 (1:1,000; Stemberger, Lutherville, Maryland), GFAP-specific rabbit 
antibody (1:400; Sigma), CNP-specific mouse antibody SMI 91 (1:1000 
Stemberger), human nestin-specif ic rabbit antibody (1 :200; Chemicon), or 
doublecortin -specific rabbit antisera (1:100; C. Walsh, Harvard Medical 
School, Boston, Massachusetts). The sections were incubated with anti- 
body overnight at 4 °C. Species- and isotype-specific fluorescent secondary 
antibodies were applied at 1 :1 00 for 1 .5 h at room temperature. 

04 and A2B5 were immunolabeled in vitro as described 2 . For multiple- 
antigen labeling, 04 was localized on live cells that were then fixed and 
stained for Blll-tubulin, MAP2; GFAP, Hu, GAD67 or BrdU. 04 supernatant 
(R. Bansal and S. Pfeiffer, University of Connecticut Health Center, 
Farmington, Connecticut) was used at 1 :100 for 40 min at 4 °C. Antibodies 
against Blll-tubulin, MAP- 2, GFAP and BrdU (BrdU -specific rat antibody; 
1:200; Harlan, Indianapolis, Indiana) were incubated overnight at 4 °C 
Fixed cultures were counterstained with DAPI (10 ^g/ml; Molecular 
Probes). 

Confocal imaging. In the xenografted brains, single cells that appeared co- 
labeled for both human- and cell-specific markers were evaluated by confo- 
cal imaging as described 21 - 37 . To be deemed double labeled, cells were 
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required to have HN A- specific signal surrounded by neuronal or glial im- 
munoreactivity in every serially acquired 0.4-jim z-dimension optical sec- 
tion, as well as in each orthogonal side view thereof. 

Calcium imaging. Outgrowths from both first- and second-passage 
WM PC-derived neurospheres were assessed 2-3 weeks after plating into 
BDNF-supplemented DMEM/F12/N1 with 2% FBS. These mixed neuronal 
and glial outgrowths were challenged with 100 u.M glutamate or 60 mM 
potassium. Cytosolic calcium imaging was conducted using confocal mi- 
croscopy of cultures loaded with Fluo-3 acetoxymethylester (Molecular 
Probes)"- 3 ** 39 . We previously reported that adult progenitor-^derived human 
neurons showed a mean calcium rise of >400% in response to 60 mM 
potassium in vitro, compared with glial responses of <20% M . In this study, 
we assigned neuronal identity to cells with £2 -fold calcium elevations to de- 
polarization. 

Electrophysiology. Sister cultures to those subjected to calcium imaging 
were assessed by whole-cell patch-clamp analysis. Whole-cell voltage- 
clamped recordings of fiber-bearing cells were conducted and analyzed as 
described 1313 . A holding potential of -60 mV and voltage steps of 10 mV 
with 100-ms durations were applied to the recorded cells through the 
patch electrodes. Signals were sampled every 50 \is. 

Note: Supplementary information is available on the Nature Medicine ; 
website. 
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Fetal and adult human oligodendrocyte progenitor cell 
isolates myelinate the eongenitally dysmyelinated brain 
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Both late-gestation and adult human forebrain both contain targe 
numbers of oligodendrocyte progenitor cells (OPCs). These cells 
may be identified by their A2B5+PSA-NCAM" phenolype (positive 
for the early oligodendrocyte marker A2B5 and negative for the 
polysialylated neural cell adhesion molecule). We used dual-color 
fluorescence-activated cell sorting (FACS) to extract OPCs from 21- 
to 23-week-oid fetal human forebrain, and A2B5 selection to 
extract these cells from adult white matter. When xenografted to the 
forebrains of newborn shiverer mice, fetal OPCs dispersed 
throughout the white matter and developed into oligodendrocytes 
and astrocytes. By 12 weeks, the host brai ns showed extensive 
myelin production, compaction and axonal myelination. Isolates of 
OPCs derived from adult human white matter also myelinated 
shiverer mouse brain, but much more rapidly than their fetal 
counterparts, achieving widespread and dense myelin basic protein 
(MBP) expression by 4 weeks after grafting. Adult OPCs generated 
oligodendrocytes more efficiently than fetal OPCs, and ensheathed 
more host axons per donor cell than fetal cells. Both fetal and adult 
OPCS phenoty pes mediated the extensive and robust myelination 
of eongenitally dysmyelinated host brain, although their differences 
suggested their use for different disease targets. 

A broad range of pediatric leukodystrophies and storage diseases mani- 
fest with myelin failure or loss. Recent studies have focused on the use of 
transplanted oligodendrocytes or their progenitors to treat congenital 
myelin diseases. The myelinogenic potential of implanted brain cells was 
first noted in the shiverer mouse 1,2 . Shiverer is an autosomal recessive 
mutation; shi/shi homozygotes fail to develop MBP or compact myelin 
and die by 20—22 weeks. Transplanted fetal brain cells 3-6 , primary 7 and 
immortalized 8 neural progenitors, and enriched glial progenitor cells 9 
can all myelinate shiverer axons, albeit typically with low efficiency. 
Similarly, rodent subventricuiar zone progenitors can engraft another 
dysmyelinated mutant, the myeUn-deficient rat, after perinatal adminis- 
tration 10,11 . Indeed, all of these studies suggest the feasibility of myelinat- 
ing eongenitally dysmyelinated brain, even though none of the cell 
sources used did so efficiently. 

On this basis, we asked whether highly enriched populations of OPCs 
directly isolated from the humari brain might be used as more effective 



substrates for cell-based therapy of congenital dysmyelination. 
Specifically, we postulated that human OPCs, whether derived from the 
fetal brain during its period of maximum oligoneogenesis, or from the* 
adult subcortical white matter 12,13 , could mediate; large-scale myelina- 
tion of a eongenitally dysmyelinated host. We report here that both fetal 
arid adult human OPCs, highly enriched by surface antigen-based FACS, 
were capable of widespread and high-efficiency myelination of the shiv- 
erer mouse brain after perinatal xenograft We also report significant dif- 
ferences in the behavior of fetal and adult-derived OPCs, which suggests 
that they may be useful in treating different specific disease targets. 

Cells dissociated from the late second-trimester human ventricular 
zone (21-23 weeks gestation) were first magnetically sorted to isolate 
A2B5* cells 1>_l6 , including ougodenaVocytic and neuronal progenitor 
cells. Because PSA-NCAM is expressed by immature neurons at this stage 
of development 17 , we then used FACS to deplete PSA-NCAM* neurons 
from the larger A2B5 + cell population. This yielded a subpopulation of 
A2B5 + PSA-NCAM~ cells, which denned our oligodendrocyte progenitor 
pool. Two -color FACS showed that the A2B5 + PSA-NCAM" fraction con- 
stituted 15.4 ± 4.8% of the cells in samples from the 21- to 23^week ven- 
tricular zone (n = 5; Supplementary Figure 1 online). Of these 
A2B5 + PSA-NCAM~ cells, 76.1 ± 0.5% expressed oligodendrocytic 04 by 
1 week after FACS, whereas only 7.5 ± 0.3% expressed astrocytic glial fib- 
rillary acidic protein (GFAP) and only 2.0 ± 1.3% expressed neuronal (5- 
lii tubulin. These data support the glial restriction and oHgodendrocytic 
bias of sorted A2B5 + PSA-NCAM~ cells. Because we achieved higher net 
yields with immunomagnetic separation of A2B5 + cells followed by 
FACS depletion of NCAM + cells, compared with two-color FACS, we 
used this technique for progenitor isolation. 

Homozygous shi/shi mice were injected intracallosally with fetal pro- 
genitor cell isolates on either their day of birth (P0) or on postnatal day I 
(Pl)» and later killed at 4, 8, 12 or 16 weeks of age. None of the animals 
were iminunosuppressed; we relied on perinatal tolerization to ensure 
graft acceptance 18,19 . The injections resulted in substantial engraftment, 
defined as £100 cells per coronal section at three rostrocaudal levels sam- 
pled >100 mm apart, in 34 of the 44 neonatal mice injected for this study 
(25 of 33 injected with fetal human OPC, and 9 of the 1 1 injected widi 
adult^derived OPCs); By 12 weeks of age, the recipients showed donor 
engraftment throughout the callosum and capsular and commissural 
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white matter, extending caudally to the basis pontis (Fig. la^): During 
this rime, cell division among the engrafted progenitors; though uiitially.. 
high at 4 weeks, fell to relatively low and stable levels by 8 and 12 weeks;; 
(Fig. lf.g). The fraction of human donor cells that incorporated BrdU 
during the 48 h before mice were killed dropped from 42 ± 6!l% at 4 
-weeks to 8.2 ± 2.4% at 12 weeks. 



, Figure 2 Engrafted human OPCs myelinate an . 
. extensive region of the forebrain. (a,bj MBP 
expression (green) by sorted human fetal OPCs 
implanted into homozygous shiverer mice. Large . .. 
regions of the corpus callosum were myelinated 
by 12 weeks, a and b are two different mice; . . 
<c) Human OPCs migrated to and myelinated 
fibers throughout the dorsoventra! extents of the : . ,v 
internal capsules, resulting in widespread -j- 
forebrain remyelination after a single perinatal r >i= 
/injection, (d) MBP expression (green) in engrafted;/ 
shiverer mouse callosum 3 months after perinatal v 
xenograft was associated with human hNA + donors 
cells (red), (e) Confocal optical sections of 
implanted shiverer mouse caMosum, with hNA + 
donor cells (red) surrounded by MBP (green). "p 
Human cells (arrows) were found within : ; 
mesh work of MBP 4 fibers. Right three images, 
taken 1 um apart, were merged to form left 
image, (f) Striatocaliosat border of shiverer mouse ? 
brain, 3 months after perinatal engraftment with. ■ ■. 
human fetal OPCs (blue). Donor-derived MBP* . : 
oligodendrocytes and myelin (red) are evident in 
the corpus callosum, while donor-derived GFAP* 
astrocytes (green) predominate on the striatal 
side. Scale bar, 1 mm Ca-c). 100 urn (d). 20 um 
(e) or 200 um (f). r 



Figure 1 Fetal human OPCs disperse rapidly to infiltrate the forebrain. 

(a-e) Human cells were localized by immunostaining for hNA. Low-power , 

fluorescence images of coronal section of forebrain (b-e) were collected at . 

representative anteroposterior levels as indicated in schematic (a; ref.25) 
i Engrafted cells are shown in red (b-e). (f) Immunofluorescent detection of.. 

BrdU (green) and hNA (red) 4 (top) and 12 (bottom) weeks after xenograft of 

human OPCs into shiverer mice. Arrows indicate mitotic human OPCs 
: (BrdirhNA"-). (g) Regression plot of mitotically active donor cells as a 

function of time after perinatai implant. Rate of BrdU incorporation declined 
j : according to the exponential regression y = 83. Ae -0 22m , with correlation 

coefficient r= -0.87 (P= 0.012). Scale bar, 3 mm (b-e) or 50 um (f). 



j During this same period, many of the fetal progenitors matured into 
Crnyelinogenic oHgodehdrocytes, as indicated by their expression of MBP 
"At 4 weeks, no MBP was detectable in lOof 11 animals, despite widespread 
cell dispersion; scattered MBP + cells were noted in one mouse. At 8 weeks, 
patchy foci of MBP expression were noted in four of seven mice, and by 1 2 
weeks, widespread MBP expression was noted throughout the forebrain 
£ white matter tracts in five of seven mice. By this time, the engrafted mice 
typically expressed MBP throughout the entire corpus callosum, as well as 
tJiroughout the fimbria and internal capsules ( Fig. 2a-Kl). Because shiverer 
mice express only the first exon of the Mbp gene 2 , and hence have no 
immunodctectable MB)?, any MBP detected in these recipients was neces- 
sarily donor-derived 8 . In addition, optical sectioning confirmed that the 
MBP* cells were of human origin, in that each MBP* profile was assoct- 
■ : ated with a human nuclear antigen (hNA) + soma (Kg; 2c,e-h) . 

We next asked whether donor-derived myelin effectively wrapped host 
:• axons. We used confocal - imaging \ and electron micrbscbpy • to assess , 
: axonal ensheathment iand myelin compaction, respectively. Confocal 
; analysis was first done on the brains of three shiverer. mice that were 
implanted on PI wim 1TO,000 fetal human OPCs each, and sacrificed at 
•12 weeks. Foci of dense MBP expression were assessed by confocal imag- 
ing; after unmunolabeling for hNA and neurofilament (NF) protein to 
detect donor-derived cells and host shiverer axons, respectively We found 
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■••-.■■that the human progenitors generated myelinating oligodendrocytes in ; 

■ jgreatnumbers. Of the recipients scored, 11.9 ±1.6% (mean ± s.e^;) ; of ; : 

; NF + host callosal axons were surrounded by MBP immuhoreactivity (n = 
3' mice; "three fields scored per animal; Fig; 3a-<). We. next used electron 
microscopy to Verify that host axons were fully ensheathed by donor- 
derived oligodendrocytes, and that the latter generated compact myelin. ■ 

- Because MBP is. required . to compact consecutive layers of myelin 
together; its expression is required for" the major dense line of mature 
myelin. Myelin in MBP-deflcient shiverer mice did not show more than a 
few loose wrappings and lacked major dense: lines (Fig. 3d), whereas 
shilshi graft recipients showed compact myelin with major dense lines 
(Fig. 3e-h). m a sample of MBP* fields (n = 50) derived from two mice :. 
killed: 16 weeks after perinatal implant, 7.4% of callosal axons (136 of - 
1,832 sampled) had donor-derived myelin sheaths, as defined ultrastruc- v 
rurally by their major dense lines. Thus, engrafted fetal human OPCs effi- 
ciently differentiated into myelinogcnic oligodendrocytes. 

Some transplanted fetal OPCs differentiated into GFAP* astrocytes as 

■'; early as 4 weeks after implantation. In white-matter regions sampled on 
the basis of high donor-cell engraftment, 32.7 ± 4.3% of fetal donor- 
derived cells expressed astrocytic <3FAP at 1 2 weeks, and 1 0.2 ± 4.4% of . 
donor cells -expressed MBP. No heterotopic III tubulin- or MAP-2- 
defined neurons of donor derivation were noted at 4, 8 or 12 weeks after 
implant (n = 33 total). Nevertheless, 40.3 ± 4.2% of donor cells expressed 
S100-p, which is expressed by astrocytes and young oligodendrocytes, 
and nestin was expressed by 47.3 ± 4.2%, suggesting that a large propor- 
tion of donor cells persisted as gUal progenitors after engraftment. Fetal 
OPCs were recruited as oligodendrocytes or astrocytes in a context- 
dependent manner, giving rise to both oligodendrocytes and fibrous 
astrocytes in the presumptive white matter, but only to GFAP + astrocytes 

; in the gray matter (Fig. 2f and Supplementary Fig. 2 online): 



Figure 3 Axpnal ensheathmeht and myelin 
;' compaction by engrafted human OPCs. 

(a) Confocal micrograph showing triple 
immuhbstain for MBP (red), human nuclear 

f antigen (HNA; blue) and NF (green). All MBP o 
^ ;jmmunostaining is derived from sorted human 
OPCs, whereas NF + axons are those of mouse 
- : . host. Arrows indicate segments of mouse axons 
: ensheathed by human oligodendrocytic MBP. 

(b) Composite of optical sections through 
J corpus callosum of shiverer recipient killed 12 
^ weeks after fetal 0PC implantation, (c) Higher 
^magnification of area indicated by \in b. MBP. 

immunpreactivity (red) surrounds ensheathed 
axons (green) on both sides, (d) Electron., 
micrographs of sagittal section through corpus 
" callosum of adult shilshi homozygote. Shiverer 

'axons typically. have single loose wrapping of 
v. uncompleted myelin, such that major dense 
;\ : lines do not fbrm. (e-h) Representative 
el e ct ron m i c rogr a p h s of 1 6- wee k- o I d 
homozygous shiverer mice. implanted with 
.human OPCs shortly after birth. These images 
show resident shiverer axons with densely 
compacted myelin sheaths, h, enlargement of . 
Jarea indicated by * in g. Major dense lines are 
■ visible between myelin lamellae, providing 
electron microscopic confirmation of 
myeli nation by engrafted human OPCs. Scale 
bar, 20 urn (a.b), 5 um (cj or 1 u.m (d-h); d, f, 
g use bar in e. 



We next asked whether adult-derived OPCs differed from their fetal 
counterparts with respect to their dispersal, myelinogenic capacity, or 
tmie courses mereof. We implanted two litters of P0 shiverer mice with 
A2B5-sorted.OPCs extracted from adult human subcortical white mat- 
ter. The mice were killed after 4, 8 or 12 weeks, and their brains were 
stained for hNA and either MBP or GFAP. Nine of 11 mice were success- 
fully engrafted. The adult OPCs achieved widespread and dense MBP 
expression by 4 weeks (Fig. 4a-d); at 12 weeks, 39.5 ± 16.3% of adult 
OPCs expressed MBP. In contrast, none of the hNA + fetal donor OPCs 
expressed MBP.4 weeks after engraftment, and only 10.2 ± 4.4% did so by 
12 weeks (P < 0.001 by two-tailed f-test comparing the proportion of 
MBP* cells in fetal and adult-derived grafts; Fig.4a-c). These results indi- 
cate that engrafted adult OPCs were at least four times more likely to 
become oHgodendrocytes and develop myelin than their fetal counter- 
parts. Essentially no adult OPCs became astrocytes in the recipient white 
matter (none developed GFAP expression), whereas 12.7 ± 4.3% of fetal 
OPCs did so by 12 weeks. Thus, whereas nominally oligodendrocytic 
: progenitors derived from the fetal brain acted as glial progenitors v adult 
OPCs behaved in a more restricted manner, largely generating either 
; myelinogenic pUgodendrbcytes or persistent progenitors in recipient 
white matter. The more rapid myelination by adult OPCs was reflected 
ultrastructu rally, as the major dense lines of compact myelin were readily 
evident in mice 6 weeks after implantation with adult OPCs at birth 
(Fig. 4e). No such evidence of myelin compaction was noted in mice 
implanted with fetal OPCs until 12-16 weeks postnatally. 

Despite the apparent competitive advantage of adult OPCs, substan- 
tially more fetal than adult donor cells became engrafted in the recipient 
brains (Fig. 4f). At the midline of the corpus callosum, the region of max- . 
imal engraftment, we scored 1,123 ± 205.6 hNA + fetal donor cells/mm 2 . 
. Of these, 1 1 7 ± 43.7 were MBP* , and 9.8 ± 3.1% of fetal donor cells dif- 
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ferentiated into myelinating oligodendrocytes by 12 weeks. In contrast, 
only 244 ± 182.1 donor cells/mm 2 were noted in the callosal midline of 
shiverer mice implanted with adult OPCs. Yet 81 ± 59.7, or 38.9 ± 12.9%, ; 
of these cells had developed into MBP+ oligodendrocytes by 1 2 weeks 
(P < 0.001 by two-tailed r-test comparing the proportion of MBP* cells 
in fetal and adult grafts; Fig. 4g). In addition, whereas 12.7 ± 4.3% of fetal 
donor cells matured to express GFAP, no adult donor cells gave rise to 
GFAP + astrocytes, again suggesting a stronger bias toward the oligoden- 
drocytic phenotype by the adult progenitors. Thus, besides maturing . 
more quickly than fetal OPGs, adult OPGs gave rise to oligodendrocytes 
in much higher proportions than their fetal counterparts. 

To assess whether adult and fetal OPCs differ in the extent to which 
-they ensheath axons, we scored the numbers of axons myelinated by 
each donor OPC, as defined by confocal-verified MBPt wrapping of 
NF* axons. These absolute values were then expressed as ratios tb total 
number of donor cells and to donor-derived MBP + oligodendrocytes 
per field. When assessed 12 weeks after perinatal graft; adult-derived 
OPGs ensheathed many more host axons per donor cell than their fetal 
Counterparts, an effect that persisted even after we limited our analysis to 
the number of ensheathed axons per MBP + donor cell (Fig. 4h) . In each 
case, the difference between fetal: and adult donor ensheath me nt effi- 
ciency was significant by Mann- Whitney analysis (P < 0:02). Thus, 
adult-derived OPGs matured tb ensheath more axons per donor cell 
man their fetal counterparts. 0 

These results indicate that isolates of human OPCs sorted from the 
highly oUgorieogenic, late second-trimester forebraih, as well as from 
adult subco rtical v wh ite m atter, can broacUy -myelih atie the shiverer 
mouse brain, a genetic model of perinatal leukodystrophy. When intro- 



duced as highly enriched isolates, both fetal and adult-derived OPCs 
spread widely throughout the presumptive white marten ensheathed 
resident mouse axons and formed antigenicaUy and ultrastructurally 
compact^ myelin. Don or-derived myelinogenesis was geographically 
extensive and was observed throughout all white matter regions of the 
telencephalon. After implantation, the mitotic expansion of the cells 
slowed over. time (Fig. ig), and neither undesired phenotypes nor 
parenchymal aggregates were generated. Both fetal and adult-derived 
OPCs were capable of remyelinating mouse axons, and neither gener- 
ated heterotopic neurons. We also noted some marked differences 
between fetal and adult-derived OPGs. Whereas fetal OPCs were highly 
migratory, they myelinated slowly and inefficiently, and cogenerated 
astrocytes in recipient white matter as readily as they did myelinogenic 
oligodendrocytes. In contrast, adult OPCs migrated over shorter dis- 
tances, but myelinated more rapidly and in higher proportions than did 
their fetal counterparts, with virtually no astrocytic coproduction. On 
an individual basis, each adult OPC-derived oligodendrocyte 
ensheathed and myelinated substantially more axons than did its fetal- 
derived counterparts (Fig. 4g). 

Together, these observations suggest that isolates of human glial pro- 
genitor ceils may provide effective cellular substrates for remyelinating 
the congenitally dysmyelinated or hypomyeliriated brain, in practical 
terms, the choice of stage -defined cell type may be dictated by both the 
availability of donor material arid the specific biology of ^ the disease tar- 
get Their differences notwithstanding; fetal and . adult-derived human 
QPG isolates were capable of achieving widespread and efficient myelina- 
tion of the dysm^linated brain, suggesting new strategies for the treat- 
ment of the congenital leukodystrophies and myelin disorders: ; . 





Figure 4 Fetal and adult OPCs differed in speed and efficiency of 
myelinogenesis, (a) Adult-derived human hNA + OPCs (red) achieved 
dense MBP expression (green), by 4 weeks after xenograft, (b) In contrast 
fetal OPCs expressed no detectable MBP at 4 weeks, with such 
expression not noted until l 2 weeks, (c) Low-power and high-power 
(inset) coronal images of callosai-ftmbria I junction of shiverer 
homozygote, showing dense myelination 12 weeks after perinatal 
engraftment with adult human OPCs. (d) Adult OPCs developed mature 
myelin ultrastructure and major dense lines within 5 weeks of perinatal 
injection; Myelin structure seen here was analogous to that of fetal OPCs 
assessed 12 weeks after implant. Mice injected with fetal OPCs showed 
no such evidence of myelination at this early time point, (e) Distribution 
of hNA + adult OPCs (red), 4 weeks after implantation into shiverer 
homozygotes. (f) Proportion of adult and fetal OPCs that developed MBP 
expression 12 weeks after transplant, (g) Engraftment of fetal and adult 
OPCs: *, P < 0.05; **, P< 0.005 by two-tailed Student Mest. 
(h) Numbers of MBP-en sheathed NF + axons per fetal or adult donor OPC, 
measured as a function both of total donor cell number (left) and MBP + 
donor-derived oligodendrocytes (right). *, P< 0.02 for fetal compared 
with adult OPCs. by Mann-Whitney analysis. Scale bar, 100 urn (a,b), 
1 mm (c); 30 vim (inset) or 1 u.m (d). 
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METHODS 

Cells; Fetal OPCs were extracted from 21- to 23-wcck-old human fetuses obtained 
al abortion . The forebrain ventricular and subventricular zones were dissected free 
and chilled on ice. The minced samples were dissociated using papain and DNase 
as described 2 **- 21 , always within 3 h of extraction, and maintained overnight in 
DMEM/F12/N1 with 20 ng/mJ fibroblast growth factor. Adult-derived OPCs 
were collected from subcortical white matter samples obtained at surgery, as 
described 12 ' 13 . The eight adult tissue samples used were derived largely from 
patients undergoing temporal lobe resection for medication-refractory epilepsy. 
No tissues were accepted from patients with known neoplastic disease. Both fetal 
and adult samples were obtained with consent, using protocols approved by the 
institutional review boards of Cornell-New York Presbyterian Hospital, and the 
Albert Einstein College of Medicine and Jacobi Hospital. 

Sorting. The day after dissociation, cells from fetal samples were incubated in a 
1:1 ratio with monoclonal antibody A2B5 supernatant (clone 105, American 
Type Culture Collection) for 30 min, then washed and labeled with fluorophore- 
or microbead- tagged rat antibody to mouse IgM (MUtenyi Biotec). In some 
instances, two-channel F ACS was used to define the proportions and homogene- 
ity of A2B5- and PSA-NCAM -defined subpopulations. using a FACSVantage 
SE/Turbo (Becton Dickinson) as described 13 * 21 . For preparative sorting before 
transplantation, A2B5^ cells were prepared by magnetic separation (Miltenyi 
Biotec) according to the manufacturers protocol. The bound cells were eluted 
and incubated with mouse antibody to PSA-NCAM (1:25; PharMingen) for 
30 min, then with phycoerythrin- tagged secondary antibody (1:200). The PSA- 
NCAM* population was then removed by FACS, leaving a highly enriched pool 
of A2B5 + PSA-NCAM~ cells. This PSA-NCAM immunodepletion step was omit- 
ted for adult samples, which were sorted on the basis of A2B5 only 1 1M . After sort- 
ing, both fetal and adult cells were maintained for 1-7 d in DMEM/F12/N1 with 

20 ng/ml basic fibroblast growth factor (20 ng/ml) until implantation. 

Transplantation and tagging. Homozygous shiverei mice were bred in our 
colony. Within 1 d of birth, pups were cryoancsthetized for cell delivery. Donor 
cells (1 x 10 5 ) in 2 ul of HBSS were injected through a pulled glass pipette and 
inserted through the skull into the presumptive corpus callosum. Transplants 
were directed to the corpus callosum at a depth of 1.0-1.2 mm, depending on the 
weight of the pup, which varied from 1.0 to 1 .5 g. Pups were killed 4, 8, 12 or 16 
weeks thereafter. For some experiments, recipient mice were injected for with 
bromodeoxyuridine (BrdU; 100 *ig/g as a 1.5 mg/100 (jl solution) every 12 hours 
2 d before killing 

Immunohistochemistry. Transplanted cells were identified using antibody 1281 
to human nuclei (Chemicon), monoclonal antibody 91 to cyclic nucleotide phos- 
phodiesterase (CNP) protein (Sternberger and Meyer), rabbit antibody to S- 100 
(Sigma), rabbit antibody to human nestin (gift of H. Okano, Keio University), 
Sternberger monoclonal antibody 311 to NF, Sternberger monoclonal antibody 

21 to human GFAP, rat antibody to BrdU (Harlan) and either Sternberger mono- 
clonal antibody 94 to MBP or rat antibody 7349 to MBP (Abeam), all as 
described 7 - 12 - 2 *- 22 . 

Confocal and electron microscopy. Confocal imaging was done using an 
Olympus Fluoview mated to an 1X70 inverted microscope, as described 23 . Argon 
laser lines were used to achieve three-channel immunofluorescence detection of 
fluorescein-, Texas red- and Cy5- tagged antibodies; the latter was then pseudocol- 
ored blue for presentation. For confocal quantification of ensheathment efficacy, 
shiverer axons were scored as ensheathed when yellow index lines intersected 
NF + axon abutted on each side by MBP immuno reactivity. The proportion of 
ensheathed axons was defined as the incidence of MBP + NF* axons divided by 
the total number of NF* axons in each field. For electron microscopy, animals 
were perfused and post-fixed with 4% paraformaldehyde and 0.25% glutaralde- 
hyde in 6% sucrose, then Vibratome-sectioned as alternating thick (400 \xm) and 
thin (100 |im) sections. The latter were immunostained for MBP. Thick sections 
adjacent to thin sections with MBP expression were then processed in 1% osmium 
and 1,5% ferricyanide, stained with 1 .5% uranyl acetate, embedded in Epon, cut as 
100-nm thin sections onto Formvar-coated grids, stained with lead citrate and 
visualized using a JEOL100 electron microscope 24 . 

Note: Supplementary information is available on the Nature Medicine website 
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A , ^ pt The tiTning of cell differentiation can be controlled both by ccfl- 
Abstract. The timing oi cc Oligodendrocyte type-2 

intrinsic mechanisms and by cdl-ex tnnuc cells that give rise lo 

drocytcs in ^Sm-nsic biologica! clock that 

^^XlLaKo a f al D^io^tal Bio.ogy.vo.. 180, 1-21. 199Q-« 

model of cell differentiation in culture lo accommodate the most recent 

£SS Sanctions through data on .he average (sample mea ) „™bcr 
of both types of cells per colony at different un.e .ntervals from start of 
experiment Ustng this method we ptovide a biolopcatty meaningful .nter- 
pSTn of the observed pattern of chondrocyte general m .rro and 
its modification in the presence of thyroid hormone. 

Key words: Brain cells - Differentiation - Proliferation - Branching 

process 
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1 Introduction 

Hiding feature ^^^S^S^^Z 
appear al precisely regulated momen « S ^ i ^ y 5l ° i ; i , ar Members or the 
increase in number ove, which underly such 

rra^sris o p f th/profound changes - 

necessity begin with mvestigation of the ' ' fa der to obtain 

cell to differentiated (and often noM ^J^^J^pUrities of such 
data that allow one to develop an « n *™ mg access , 0 * ^de range 0 r 
differentiation processes, U is "f^^ " ^LSd be able to ewmine 
detailed information at a dona. ^ ^ ^ distinguish 

mu l ti p le donesofdW, d mg P recur«n ^«£^ n ' , J 0 g ne is Lerested in 
between precursor cells and^diff ^^^^ , he „ experimental 

al pretests »»ich ... MM ~ Tj, 0 ™bfc lo obnin ih« 

they divide and generate ougoaenuiu - nroEe nitor cell division can 

the liming of normal development « ». 0-2A <*> 
be prcnoted by purified corneal 

this induction of eeU d v»on ^can A « be b™«* by p ^ 

growth factor (PDGF) and by the V-Z A ■ ■P t °3 s ™ » £ , 

n*?n^ 

r» m iv of dividing 0-2A progenitor cells has for many years been thought to 
famdy of d wdmg ^ ^ P ^ biological clock that induces symmetric and 
SSSSS^IS.™ all cJauy-related 0-2A progenitor ccUs into 
oligodendrocytes within a relatively short period of time fT^mpU , and I Ruff 
198S) According to this model., oligodendrocyte generation is assorted with 
SsicTof he self-renewal process of precursor cells, and thus is in some 
^y 3ogous to the ...nitedmitotic life-span expressed by many pnmarv 
cc« tvX This hypothesis provided a simple model for the study of tern- 
PoraUy^gulated differential, but it now seems likely that this hypothesis « 
both incorrecl and overly simplistic. 
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.„ contrast to the above hypotheses. U was ^J^^^y 

time the probability of precursor cell self-renewal ls regu ja«P 



tiaticn in vitro. 



2 Experimental procedures 

Purification of 0-2A progenitor cells is described at length by l al 

S96) Purified progenitor cells derived from 7 day old animals were plated at 
a density of 25«)-5)00 cells. Cells were fed with PDGF After platmg ; Che 
entire was scored for the presence of individual cells. Plat cs «« . cdU m 
dumps were discarded and not included in the expenment. A fixed I number of 
c onTwas randomly selected and the cell type composite of each clone was 
£o «ed at different times Cell-types were identified by -^h^ogy and c.U 
types were confirmed at the end of each expenment by 
using cell type .specific antibodies. The design of experiments with thyro.d 
hormone was identical. 

3 The model for oligodendrocyte generation in culture 

Oar model for the stochastic mechanism of 0-2A progenitor cell differenti- 
ation in vitro is a multhype age-dependent branching stochastic process. The 
model structure is defined by the following set ol assumptions. 
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A. the end of the »«« qjfc ^^LsrorL (delates) 

itSd^ 

ing function of the cell progeny is specified as 

fc.fr) «psi + (l-lO*». (1) 
where , = »,)■ The corresponding generating funcnon for type-2 cells is 

"*"" ^"rilb, <be o,* mi!....., <■ 'I" PW** *> ™" 

generating function 



with the components 



(3) 



(4) 



SEP 21 2004 17:35 FR CISTI ICIST 



613 998 5281 TO 15852631119 



P. 07/14 



A stochastic model of brain celt differ nation in tissue culture 33 
n 0W - (0 n and the summation in (4) is over the set of all 
WherC Cl r^?h non"neua ivc integer coordinates. With M*) and h a W f?ven 
points in with nonnega.ivc inie f ei following equations 

by (1) and (2). the generating functions <P(i. s) satisfy the ton g 4 



JO 

Jo 

= Si ■ 

™h * * 1 in (S) it is easy to derive equations for the 
Setting s, =* and s 2 - 1 in P), « » * ( j > and 

corresponding marginal generating functions fl>iC«.*) > 

z) « *[1 - F«l + (1 " + ' ] 0 * 5( ' " Z)mU) (6) 

<p 2 (c, z) = 1 . 

in a similar manner, for *,<«.*) = ♦,<*.!. *) and tMC D - ♦.(t. l.D - 

obtain rr 

♦,(t. «) - 1 - f («) + pj/if - «• z > dF(u) + (1 ~ p)zF (0 (?) 
* t (t; 2) = * • 

Let Mi(0 - v', (». 11 be lhe «P ected numb " 0f typtA 001,8 al lime Fr0m 
(6) it follows that 

M,(t) = 1 - F[t) + 2p^MA< ~ ")<U» • (8) 

The expected number of type-2 cel.* is M,<r) = D- Thus we se* from (7) 
that 

Ml {t) = (• — P)F(0 + 2p| M 2 (t - m)^") ■ (9) 

Jo 

The integral equations (8) and (9) can be generalized to incorporate possfctc 
leath cHype-? cells (Jagers, 1975). Furthermore they can be solved «, closed 
form (sec Athreya and Ney, 1972). Introducing the notanon 

G*°(t)-1, C"W-CV). G~*»(0-£g"(i -«)«?<«). 
the solution of (8) is represented as 

M.M - I (2pr[F'"(0 - + "(fl • (,0) 
Similarly the solution of (9) is given by 



SEP 21 2004 17:35 FR CIST1 ICIST 



613 998 b>281 TO I b8tJ^t>3 1 1 1 9 



P.r uo/ 14 



A. Y. Yakovlev et al- 

54 

■ ,„„ r*» of F with itself can be found in an explicit form for 
The n-foW convolution f of F «' B '« ^ popular choice in 

some distributions of the dXtaiioE (Yakovlev ct al., 

cell-kinetic. nj *- I^T^Kn « * >H>. YaWev and 
1977; Nedclman and R" hmow ; "° - Tnase A ( tom the same choice because 
Yanev, 1989, to name a few) We ^^^^^ sl ructure of the 

cell cycle. Some authors W*^ n £££ J J, ^ pI0 liferation are usuaUy 

tiO r;;oTe n ^1(0 is sP-Bed as the gamma distribution with shape 
parameter a and scale parameter fi. Then we have 

* 1 J T(an) Jo 

To ensure computational* «^ a ^* t ™ 
reasonable to limit poss.ble values, o[ a to the set ot po^ er 



(12) reduces to 

V 0tf (13) 



and we have 
M 



(14) 

i) 



The timing of oligodendrocyte generation in "ural^ 

that M 2 (D is a monotone nondecrcasmg function and 

M 2 (0) = 0, Hm M,(0 = • (16) 

The behavior of M (,) is -^SS:^ 

U^cLly at the ejected number of 
progenitor cells. Recalling formula (10) we see that 

A* l( p)-i, ltmM 1 (t) = 0 ( 1T > 
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representing the series (10) as 

ft s» 0 

i = o 

= 1 - (1 - 2p) F(0 + I ^ f (t) 2p 

a is easy to see that JJ.g ^^t^^^^.^ 
The behavior of Af i(t) appears io ^ Mac iiv one clonogenic cett 

presented in Sec, 4. Since each co lonybeg.ns tte growth 

at time , = 0 one shouW ^ £^ iium befori start, decree- 
curve for progenitor celk passes through observationS . Clearly, the 
ing; this is the only ^^^^^ Va ^^m^n^b« 
model roust be generalized to allow to m . hi ^ er (greater than 
of type-1 cells. The way to do th.s is through ■"'W • . To k the 
^probability of progenitor cell 1 to the 
i - ^^"^ST^SiL In other .ords, 
first N cycles and p < 0.5 for thc , differentiation only after it 

the model by introducing W additional ^ s ™ prions for 

The functions M ,U) and M,(i) are given by 

+ 2 L Jo -TT".?o M 

„ ^^-'^Yjl (18) 
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vo v - 0 and 0 < P < O.S. It immediately follows 

«.w if-** ^ *> M >" has ,he roUow,ns 

properties: N I — p (2 0) 



4 Inference from experimental data 

E^ations (19) an, (20 ) P^^^SK 
meters by fitting ^^""^f^ per colony at different time 
(sample mean) number of both type* of ceus p j ^ for ^ 

minimizntion included in ^T»£M^/CA = 12() 
At a time when we conducted our ^»» 0 »J> ™ lo test th e 

and 144ho«™ were avauable, a * °p P ° unity taas 
predictive power of the mode, n ^SL, the followi U g 

Experiment 1. Using the data from Expcnm<=nt 1 we f QT n 

elates of the model P-ameter^- 0.46), A - y> y 
thc mean. r = « A and £ ™ resultant 

fit is shown in Fig. 1. The model preoic unfortunately, 
drocytes tends to a constant level oj ''^^X^onof oiigoden- 
tc^BBtbiipnrd^n-^ ^J^^^^n to themselves 

hormone^resi.t^^ 

namics of accumulation ,of ^^^lo^oidhormon^rn^ 
nisms. It is seen from Fig. 2 that m the P""-"* ' °' - id , atlaining 

size of the population ^^L^^^^f^Sa A- At the same 
a much lowerconstant level o 6^7 ^ZJ^ ex results 

I^T^S^^^^ made by lbarro,a et aL 

(1 "a„ independent experimental study O^^^^^X 
the model behavior beyond the observation period chosen m Expenment 
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(Experiment 1). Solid '^""''^S" of oUgodendrocy.es: + and x Mite 
time poinr 

j tt j ri , , _ 48 144 and 192 hours and compared 
experiment 2. data were rccodedat ) ^ u ,^ r ^ ttaan4yI i,rf 
with the correspondmg values of M.Wana^iU c)ear from 

Experiment . These ^"^"^a^ton of Experiment 2 
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except the mean number of <*%£*^£;Z, of „ll death a. this late 
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is difficult to con.ro! ^^^^^ZSm^J^'* 
*"^^^™?* h ™£^^„£Z£ 2 than in Experiment 1. 
oligodendrocyes tends to ^^^XZ^f rate of cell death in 
This tendency may be ™ is ^ point in incorporating 
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When stimulated by platelet-derived growth factor 
(PDGF). oligodendrocyte-type-2 astrocyte (0-2A) progeoi- 
toru derived from porioata) rat optic nerves undergo a lim- 
ited number of cell divisions before clonally related cells 
synchronously and symmetrically differentiate into nondi- 
viding oligodendrocytes. The duration of this mitotic period 
is thought to be controlled by a cell-intrinsic biological 
clock. Thus, in the presence of PDGF, the measurement of 
time by the biological clock is intimately coupled to the con- 
trol of division and differentiation. In contrast, 0-2A pro- 
genitors grown in the presence of PDGF plus basic fibro- 
blast growth factor (bFGF) divide indefinitely In the ab- 
sence of differentiation and so do not exhibit a limited 
period of division. We have tested whether growth in PDGF 
plus bFGF alters the duration of the limited period of divi- 
sion 0-2A progenitors exhibit in response to PDGF alone. 
Accordingly, 0-2A progenitors were grown in the presence 
of PDGF plus bFGF for varying lengths of time, before be- 
ing switched to conditions that promote timed differentia- 
tion (PDGF but not bFGF). Increasing duration of culture 
in PDGF plus bFGF led to a gradual shortening of the pe- 
riod for which 0-2A progenitors were Subsequently respon- 
sive to PDGF alone, until eventually all cells differentiated 
without dividing after switching. In contrast, a short expo- 
sure to bFGF was not sufficient to cause a similar alteration 
in the pattern of differentiation. These results indicate that 
0-2A progenitors prevented from undergoing timed differ- 
entiation nevertheless retain the ability to measure elapsed 
time, implying that the biological clock in this cell type can 
be uncoupled from differentiation. Furthermore, they dem- 
onstrate that the biological clock does not impose an abso- 
lute limit on the number of divisions that an 0-2A progeni- 
tor can undergo. In contrast with existing hypotheses* our 
observation* suggest that the molecular mechanism that 
controls timed differentiation must consist of at least two 
components, with the clock itself being in some manner dis- 
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tinct from mechanisms that limit cell division and/or di- 
rectly regulate differentiation. e»»4 Ae«a*alc Proline 



INTRODUCTION 

Several observations in a variety of cell types suggest 
that measurement of elapsed time by cells is closely 
linked to the initiation of terminal differentiation. For 
example, hematopoietic stem cells generate erythroid 
cells which switch from production of fetal hemoglobin 
to adult hemoglobin after the passage of a seemingly 
preprogrammed length of time (Zanjani et at, 1979; 
Wood et at. 1985). Similarly, the number of divisions a 
fibroblast can undergo before terminally differentiat- 
ing into a senescent cell appears to be preprogrammed 
or limited (reviewed in Goldstein, 1990). The measure- 
ment of elapsed time also seems to play a major control- 
ling role in the timing of differentiation of glial precur- 
sor cells of the central nervous system (CNS) £ into oligo- 
dendrocytes (Abney et al t 1981; Temple and Raff, 1986; 
Noble et aL, 1988; Raff et al, 1988; reviewed in Groves et 
aL, 1991, and Noble, 1991). The apparent coupling of the 
measurement of elapsed time to differentiation in these 
systems raises the question of whether these two pro- 
cesses are mechanistically distinct. 

Understanding the regulatory mechanisms that make 
it possible for cells to differentiate according to an in- 
trinsic schedule has been a subject of considerable inter- 



* Abbreviations uned: Ajst, astrocyte ooculture; Aat/P, astrocyte co- 
culture with additional exogenous PDGF; Ast/PK, astrocyte cocolture 
with exogenous PDGF plus bPGP; bFGF, basic fibroblast growth fac- 
tor, CMS, central nervous system; DMEM-BS, Dolbccco's Modified 
Eagle's Medium modified according to Sottenstcin and Sato, 1979; 
DMEM-FCS, DMEM containing fetal calf aerum; E19, Embryonic Day 
19; ECM. extracellular matrix: 0-2A, oligodendrocyte- typc-Z astro- 
cyte; P7, Postnatal Da/ 7; PDGF. platelet-derived growth factor; SV40 
T, simian virus 40 large tumor antigen. 
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est. Hypotheses about the nature of cellular timing 
mechanisms are as varied as the terms used to describe 
the phenomenon itself. Thus the terms "biological 
clock/ 1 "developmental clock," "time-measuring ability 
of cells," "finite mitotic life span," and other similar 
phrases have been used to describe phenomena in which 
a cell-intrinsic timing or measuring system appears to 
control the timing of differentiation. Due to the lack of 
knowledge about what is being measured by biological 
clocks, we describe this phenomenon as the measure- 
ment of elapsed time (see for example Orgel, 1973). This 
should be taken only as indicating that the passage of 
time is associated with the changes in the behavior of 
cells and is not meant to suggest that cells measure time 
in the same way that mechanical clocks do. It has been 
suggested, for example, that "biological time [is] equiva- 
lent to trains of specific physical or chemical events, 
which is a very different concept than that of an intrin- 
sic clock based on sidereal or calendar time" (Finch, 
1990). In the instances of particular interest here, it is 
clear that the duration of the period to be measured is 
determined at least several (and sometimes many) cell 
divisions before the differentiation event is itself observ- 
able. Most investigations of this phenomenon have been 
carried out on fibroblasts (which enter a nondividing 
senescent state after a limited number of cell divisions) 
and the range of hypotheses advanced to explain the 
limited mitotic life span of these cells includes random 
accumulation of cellular damage (S2ilard, 1959; Orgel, 
1973; Goldstein, 1990), telomere shortening (Harley et 
a!~, 1990), changes in negative-growth regulatory genes 
(Weinberg, 1993), and progression through agenetic pro- 
gram (Orgel, 1973; Bayreuther et aL, 1988a,b; Goldstein, 
1990). One could equally imagine that timed differentia- 
tion is caused by a steady increase, over a number of cell 
divisions, in the amount of a differentiation-inducing 
activity which determines cellular phenotype only after 
passing a threshold. Alternately, the steady decrease in 
the amount of some activity absolutely required for cell 
division could trigger the timed cessation of division. 

All of the hypothetical mechanisms proposed to ex- 
plain the workings of biological clocks appear to share 
the common feature of predicting that when the mea- 
suring process has been completed, differentiation (and, 
in at least some instances, cessation of division) follows 
necessarily. For example, if the period of division were 
limited by the accumulation of cellular damage or telo- 
mere shortening, then these events could not occur in 
cells stimulated to divide beyond their "normal" limit, 
for these events should by themselves be sufficient to 
limit cell division. Similarly, if the functioning of the 
biological clock relied simply on the buildup of a tran- 
scription factor to a level required to induce differentia- 



tion, then accumulation of such a factor should not occur 
in cells prevented from differentiating. 

One experimental system that can be used to analyze 
the relationship among the measurement of elapsed 
time, the cessation of cell division, and the onset of dif- 
ferentiation is the timed differentiation of oligodendro- 
cyte- type-2 astrocyte (0-2A) progenitor cells into oligo- 
dendrocytes. 0-2A progenitors from embryonic rat CNS 
can be cultured in such a manner as to generate the first 
oligodendrocytes at a time equivalent to the day of 
birth, when the first oligodendrocytes appear in vivo 
(Abney et aL, 1981; Raff et aL, 1985, 1988). This appropri- 
ately scheduled differentiation in culture requires the 
presence of cortical astrocytes (Raff el al t 1985) or puri- 
fied platelet-derived growth factor (PDGF) (Raff etal, 
1988), an 0-2A progenitor mitogen secreted by cortical 
astrocytes (Noble and Murray, 1984; Noble et aL t 1988; 
Richardson et al t 1988). For example, in the presence of 
PDGF, optic nerve cultures from Embryonic Day 18 
(E18) rats would generate the first oligodendrocytes 
after 3 days in vitro, while cultures from E19 rats would 
do so after 2 days (Raff et aL, 1988). That the scheduled 
differentiation of oligodendrocytes relied on the ability 
of 0-2A progenitors to measure elapsed time was im- 
plied by the observation that clonally related 0-2A pro- 
genitors generally ceased proliferating and differen- 
tiated within one division of each other, even if grown in 
separate tissue culture dishes after their first division 
(Temple and Raff, 1986). Synchronous differentiation of 
clonally related 0-2A progenitors is also observed if 
cells are grown in chemically defined medium contain- 
ing PDGF (Noble et aL, 1988; Raff et aZ, 1988). Thus, 
existing observations suggest that the appropriately 
timed generation of oligodendrocytes relies on a cell-in- 
trinsic clock that resides within the 0-2A progenitor 
and measures cell divisions or some other parameter 
(Temple and Raff, 1986). 

In contrast to the behavior of 0-2A progenitors stimu- 
lated to divide with PDGF, the appropriately timed gen- 
eration of oligodendrocytes does not occur if cultures of 
optic nerve cells are grown in the absence of mitogen or 
are treated simultaneously with PDGF and basic fibro- 
blast growth factor (bFGF). In the absence of mitogen, 
0-2A progenitors differentiate rapidly and prematurely 
into oligodendrocytes without dividing (Raff et aL, 1983; 
Noble and Murray, 1984; Temple and Raff, 1985). The 
diametrically opposite result is obtained if 0-2A pro- 
genitors are grown in the presence of PDGF plus bFGF, 
a condition in which continuous division of 0-2A pro- 
genitors is maintained in the absence of differentiation 
(Bogler et at. 1990; Groves et al t 1993). These latter re- 
sults indicate that 0-2A progenitors are not intrinsi- 
cally limited to a relatively small number of divisions 
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before differentiating. Rather, such a limit represents a 
pattern of division and differentiation observed only 
when cells are grown specifically in the presence of 
PDGF. 

The ability to promote continuous division of 0-2A 
progenitors in the absence of differentiation by treat- 
ment with PDGF plus bFGF has offered us the opportu- 
nity to study in more detail the relationship between the 
measurement of time by a biological clock and the onset 
of differentiation and cessation of division. Our data 
show that prolonged exposure to PDGF plus bFGF 
alters the behavior 0-2A progenitors subsequently ex- 
hibit in response to PDGF alone. It is also shown that a 
brief exposure to bFGF, in the continued presence of 
PDGF, did not alter the timing of differentiation of 
0-2 A progenitors into oligodendrocytes. These results 
suggest that the measurement of time still occurs under 
conditions in which division continues indefinitely in 
the absence of differentiation. This implies that the 
measurement of elapsed time can be separated mechan- 
istically from the mechanisms that control the onset of 
differentiation or the cessation of cell division. 

MATERIALS AND METHODS 

Analysis of Small Populations and Clones of Optic Nerve 
Celts 

Primary optic nerve cultures and purified cortical as- 
trocytes were established as described previously 
(McCarthy and De Vellis, 1980; Raff et al, 1983; Noble 
and Murray, 1984; Raff et at, 1985). For the period of 
culture in the presence of PDGF plus bFGF optic nerve 
cells were seeded in poly-L-lysine-coated 25-cm 2 flasks 
at 200,000 to 300,000 cells per flask in DMEM-BS, a 
chemically defined medium (a modification of the me- 
dium described by Rottenstein and Sato, 1979; Bugler et 
al, 1990). Bulk optic-nerve-cell cultures were given 10 
ng/rnl of recombinant human PDGF A -chain homo- 
dimer [Chiron Corporation (a kind gift of Dr. C. George - 
Nascimento) or Promega] and recombinant human 
bFGF (Boehringer-Mannheim or Promega) each day 
and half the medium was changed every other day. Once 
a week the cells were passaged by trypsinization in cal- 
cium- and magnesium-free DMEM containing 200 /*g/ 
ml EDTA and 6000 U/ml trypsin, followed by trypsin 
inhibitor (added 1 part in 3.5; 0.52 mg/ml soybean tryp- 
sin inhibitor, 0.04 mg/ml bovine pancreas DNase, and S 
mg/ml BSA fraction V in DMEM; Sigma). An aliquot of 
cells was removed for analysis at the times indicated 
under the Results section. The remainder of the cells 
were returned to bulk culture as above. 

For analysis of small populations of optic nerve cells 
(Fig. l), cocultures were established with cortical astro- 
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cytes, which produce PDGF (Noble et ai, 1988) and max- 
imize optic nerve cell viability (Temple and Raff, 1986; 
Raff et aL, 1988; see also Barres et al, 1992). As the age of 
the cortical astrocyte cultures could conceivably affect 
the behavior of Or2A progenitors (see Lillien and Raff f 
1990, for one such phenomenon), fresh cultures of astro- 
cytes were prepared according to identical schedules for 
each analysis. Astrocyte cultures were equivalent to P21 
'at the time that optic nerve cells were plated on them, an 
age when 0-2A progenitor division and differentiation 
are still occurring in vivo (Miller et at, 1985), Further- 
more, these astrocyte cultures were made in the same 
way as those used previously to establish that astro- 
cytes make PDGF (Noble et aL, 1988; Raff et ol, 1988). 
Monolayers of 20,000 cortical astrocytes per poly-L-ly- 
sine-coated coverslip (Chance Propper No. 1, 13 mm) 
were cultured in 0.5 ml of DMEM containing 10% fetal 
calf serum (DMEM-FCS; Gibco BRL), which was 
changed 2 days later. After 3 days the cultures were 
irradiated with 2000 rads of X rays, washed once, and 
then fed with 0.5 ml DMEM-BS. One day later 100 m1 of 
filter-sterilized DMEM-BS conditioned for 48 hr by cor- 
tical astrocytes (from a flask of the same cortex prepara- 
tion that had not been passaged) was added to each well 
shortly before the optic nerve cells. Five hundred optic 
nerve-derived cells were delivered to the supernatant of 
these cultures in 10 /ul. Approximately 50 to 100 cells 
were observed after 1 day on the coverslips covering 
part of the bottom of the well (Fig. 1). Half of the me- 
dium was replaced every other day, and growth factors 
were added daily. 

For analysis of 0-2A progenitor clones (Fig. 2) 1000 
cortical astrocytes were plated in 10 jil of DMEM-FCS 
per Terasaki micro well and the plates incubated upside 
down for the first 48 hr, so that the astrocytes attached 
predominantly to the sides of the wells. This facilitated 
observation of the optic nerve cells subsequently plated 
into the microwells. These cultures were treated identi- 
cally to those on coverslips described above, except: (a) 
instead of changing the medium after 2 days, 10 >il of 
DMEM-FCS was added; (b) they were not washed after 
irradiation before the medium was replaced with 10 pi 
of DMEM-BS; and (c) no conditioned medium was added 
separately, but the final dilutions of optic nerve cells 
were made in astrocyte-conditioned medium. A variety 
of dilutions of optic nerve-derived cells, designed to de- 
liver between 1 and 10 cells per 10 >d per well, were 
plated into the Terasaki wells. The next day, and every 2 
days after that, 10 ^1 of the medium was removed and 
the cultures were observed, and 10 mI DMEM-BS con- 
taining 10 Mg/ml PDGF was replaced. After oligoden- 
drocytic differentiation was judged to be complete on 
the basis of the morphology of visible cells, the cells 
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bFGF ATTACHES TO THE 



TABLE 1 
Matrix op El 9 Optic Nervk Cultures 



% 0-2A 





£19 cells 


ECM 




lineage cells 




grown for first 


incubated 


Indicator cells 


GalC* After 4 




24 hr in: 


with: 


cultured tn: 


day* in vitro 


1 






PDGF 


d&0 ± 3.2 


2 






PDGF + bFGF 


3.3*0.4 


3 


PDGF 


PDGF 


PDGF 


57.4 ± 2.3 


4 


PDGP 


PDGF 


PDGF + bFGF 


5.1 ± 0.8 


5 


bFCF 




PDGF 


4.0 ± 0.4 


6 


bFGF 




PDGF + bFGF 


3.2 ±0.9 


7 




bFGF 


PDGF 


3.7 * OA 


8 




bFGF 


PDGF + bFGF 


4.3 ± 0.6 



Mrfe. Exposure of El 9 optic nerve cultures to bFGF either before or 
after lysis results in an extracellular matrix that inhibits the differ- 
entiation of 0-2A progenitors in conjunction with PDGF. El 9 optic 
nerve cultures were grown in the absence or growth factor (row9 1, 2, 
7. and 8) in the presence of PDGF (rows 3 and 4) or in the presence of 
bFGF (row* 5 And 6) before they were lysed by hyposmotic shock. The 
ECM was then incubated for 24 hr in the absence of growth factor 
(rows 1, 2, $, and 6) in PDGF (rows 3 and 4) or bFGF (row* 7 »nd 8) 
before indicator cells derived from 7-dayoId optic nerve were plated 
onto the ECM and grown for a, further 4 dayB in the presence of PDGF 
(odd-numbered rows) or PDGF plus bFGF (even-numbered rows). 
Data are presented as means ±. SEM of three experiments. 



were prepared for immunocytochemistry. The time re- 
quired for oligodendrocyte differentiation to appear 
complete varied from culture to culture and depended on 
the size of the clones. The smallest clones (Fig. 2C) ap- 
peared to have differentiated after 3 days or less and 
were prepared for immunocytochemistry at that time. 
The largest clones were prepared for immunocytochem- 
istry 10 days after optic nerve cells were plated into the 
microwells. Observations made before and after immu- 
nocytochemiBtry were compared, and only if they were 
sufficiently similar so that it appeared beyond reason- 
able doubt that a group of cells was derived from the 
single 0-2A progenitor observed on Day 1 was the clon^ 
allowed into the data set shown in Fig. 2. 



studied. E19 optic nerve cells were plated on coverslips 
and cultured in the absence of factors or in the presence 
of either PDGP or bFGF (10 ng/ml each) for 24 hr. 
These cultures were then subjected to hyposmotic lysis 
after 24 hr to generate an adherent cell lysatc which 
consists predominantly of ECM (as in Lillien and Raff, 
1990). Coverslips were then washed once with PBS and 
twice with DMEM-BS, incubated for 24 hr in DMEM- 
BS, or in DMEM-BS containing either PDGF or bFGF 
(20 ng/ml), and washed twice in DMEM-BS. Indicator 
cells from P7 optic nerve cultures maintained in PDGF 
plus bFGF for 2 days were then plated onto the ECM 
and grown for a further 4 days in the presence of PDGF 
or PDGF plus bFGF (10 ng/ml each) before they were 
prepared for immunocytochemistry. If bFGF was pres- 
ent either before lysis, or after lysis but before the indi- 
cator cells were added, differentiation was inhibited as 
much as if bFGF was present after the indicator cells 
were added (Table l f all indicator cell cultures received 
PDGF ). In contrast, if the cultures saw either no growth 
factors before the indicator cells were plated, and then 
only PDGF, or if they saw only PDGF throughout, con- 
siderable differentiation occurred (Table 1). Therefore, 
it appears that bFGF became strongly attached to the 
ECM of these cultures and was able to affect the differ- 
entiation of 0-2A progenitors in that attached form. In 
order to be sure to eliminate any bFGF attached to the 
ECM after the first 24 hr of culture, E19 optic nerve 
cultures were established in bulk (as above) and pas- 
saged by trypsinization after 24 hr. Cells were then 
plated on poly-L-ly sine ^coated coverslips at a density of 
10,000 cells/coverslip in DMEM-BS, Cultures received 
either PDGF or PDGF plus bFGF throughout, or PDGF 
plus bFGF for the first 24 hr and then PDGF on a daily 
basis, at 10 ng/ml each. Approximately half the DMEM- 
BS was changed every 2 days, and cells were prepared 
for immunocytochemistry at the times indicated. 



Analysis o/ Embryonic Optic Nerve Cultures 

Initial experiments showed that E19 cultures that 
were given bFGF only on Day 1 behaved identically to 
those that received bFGF every day over a 10-day pe- 
riod: no oligodendrocytes appeared (data not shoxvn; all 
cultures received PDGF every day). One possibility was 
that bFGF was persisting in these cultures due to inter- 
actions with the extracellular matrix (ECM; for review J ^ mUin ^tocheniistry 
sec Gospodarowicjs et oL, 1987; see also Lillien and Raff, 
1990). To investigate this directly, the interaction of 
bFGF with the ECM of E19 optic nerve cultures was 



PDGF Receptor Analysis 

For the PDGF receptor analysis shown in Figs. 4 and 
5, optic nerve cultures were established in bulk and 
treated as described earlier. Aliquots of cells removed 
for analysis were plated directly onto poly-L-ly sine- 
coated coverslips at a density of 3000 cells per coverslip. 
They were cultured for 48 hr in the presence of PDGF or 
PDGF plus bFGF (10 ng/ml each) and prepared for im- 
munocytochemistry. 



The antibodies used were monoclonal anti-galacto- 
cerebrosidc (anti-GaJC) antibody (Ranscht et aL, 1982) 
and monoclonal antibody A2B5 (Eisenbarth et at, 1979). 
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PIC. 1. Culture in PDGF plus bFGF leads to a gradual increase in the proportion of 0-2A progenitors that no longer divide in response to 
Ast/P. (A) A schematic representation of the experimental design- Optic nerve cultures from 7- day-old rats were tutablished in bulk for the 
, period of culture in PDGF plus bFGF. Cells were passaged weekly, an aliquot was removed for analysis after 1. 2, 4. and 6 weeks, and the 
rem sininff cells were returned to bulk culture. Analysis was performed in coculture with cortical astrocytes and exogenous PDGF (Ast/P). (J?) 
The percentage of 0-2A lineage ceils that were GalC* oligodendrocytes in optic nerve cell/asirocyte cocultures is shown graphed against time in 
coculture. Cocultures received either PDGF (Ast/P) or PDGF plus bFGF (Ast/PF). Cells were either derived from PDGF plus bFGF-treated 
bulk cultures (solid lines; mean * SD of three or four cavers Hps per point) or were freshly isolated from optic nerve (dashed lines; control cells 
were analyzed in parallel with each experimental curve and the data pooled; mean * SEM). For control cells only, the number of oligodendro- 
cytes found in Ast/PF cultures on Day 1 was subtracted from all the control-cell datn to allow a direct comparison with experimental cultures 
which contained almost no oligodendrocytes at the time of plating As no new oligodendrocytes arc generated in Ast/PF this number most 
closely resembles the number of oligodendrocytes initially pteled. Only half of the error bars are shown for clarity, and if no error bars are 
shown then the SD or SEM was smaller than the radius of the plot symbol. Data is from one representative experimental series of three. (C) The 
numbers of A2B5~GalC - 0-2A progenitors (black bars). A2B5*GalC* immature oligodendrocytes (stippled bars), or A2B6 w GalC* oligodendro- 
cytes (white bars) in optic nerve ccll/aatrocyte coculiure9 are shown, graphed against time in coculture. Optic nerve cells were freshly isolated 
(top panels) or had been cultured in PDGF plus bFGF for 1 week (middle panels) or for 6 week* (bottom pancU). During the time shown parallel 
cultures received either PDGF only (Ast/P) or PDGF plus bFGF (Ast/PF>, None of the cultures showed significant oligodendrocyte differen- 
tiation if cultured in PDGF plus bFGF: the number of oligodendrocytes shown in the right panels is similar to the numbers seen in astrocyte 
cultures to which no optic nerve cells were added. Data are means ± SD of three or four covcrslips and are part of one representative 
experimental series of three. 



The A2B5 monoclonal antibody specifically labels 02A 
lineage cells in these cultures and is an IgM (Raff et aL, 
1983), while anti-GalC, an IgG3, specifically labels oli- 
godendrocytes (Raff et aL t 1978). Fluorescein- and rho- 
damine-conjugated second-layer antibodies against 
monoclonal antibodies were from Southern Biotechnol- 
ogy and were used at a dilution of 1:100. Fluorescein- 



conjugated anti-rabbit antibodies were from Tioga 
(USA) and were used at 1:200. Standard immunofluores- 
cence to identify cells of the 0-2A lineage was per- 
formed as described (Raff et aL t 1988; Noble and Murray, 
1984; Bogler et al, 1990). Anti-PDGF receptor immuno- 
fluorescence was done as follows. Cultures were rinsed 
in phosphate-buffered saline, fixed for 10 min in \% 
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FIG. 2- Prolong culture in PDGF plus bFGF leads to a reduction in 
the s5zc of clones derived from individual 0-2A progenitors. A stem 
nnd leaf plot (as in Temple and Raff, 1986) showing the reduction in 
clone si" in the presence of astrocytes and PDGF, after switching 
from culture in PDGF plus bFGF. Each V or number represents one 
clone. Te obtain the number of cells in a given clone either read the 
number beW the column in which the is or add the number in the 
graph (units) to the number under the column (tens). For example in 
the upper panel there are three clones of five cells and five clones that 
are between 10 and 20 cells consisting of 12, 12, 1 3. 17, and 18 cells. The 
total number of clones analyzed under each condition is indicated. The 
experimental results are from two separate bulk cultures, that were 
analyzed after 1 and 4 weeks of culture in PDGF plus bFGF; data from 
freshly isolated P7 rat optic nerve cultures analyzed in parallel with 
each experiment were pooled. Clones shown in black writing on white 
ground consulted entirely of Gal C* oligodendrocytes; clones shown as 
white writing on black ground contained some GalC~ 0-2 A 

progenitors, and these cells always comprised less than a third of the 
total cells, and typically about 10%. 



paraformaldehyde, and then exposed sequentially to the 
following in Hepes-buffered Hanks' balanced salt solu- 
tion (Imperial Laboratories) containing 5% newborn 
calf serum and 5% goat serum (both from GibcoBRL): 
25 mifl A2B5 and anti-GalC, 26 jnin anci-IgG-biotin, 25 
min strepuvidin-coumarin (Molecular Probes, Oregon) 
and anti-IgM-fluorescein, 10 min 0.1% v/v Triton X-200, 
45 min anti-PDGF receptor antibody (1:500; UBI), two 
5-min washes, SO min anti-rabbit fluorescein, two 5-min 
washes. Cultures were viewed on a Zeiss Axiphot micro- 
scope equipped with phase contrast and epi-uv illumina- 
tion and selective filters for fluorescein, rhodamine, and 
coumarin. 

Immunoprecipitation and Western Blot Analysis 

Cultures of NIH 3T3 mouse fibroblasts, Rat-2 fibro- 
blasts, and 0-2A progenitors were harvested before be- 



coming confluent by rinsing in PBS and scraping in 600 
A l Ripa buffer (150 mM NaCl, 1% NP-40, 0.5% DOC, 
0.1% SDS, 50 mM Tris, pH 8.0) containing G\5 inM 
PMSF. 0.5 Mg/ml leupeptin. 0.7 Mg/ml pepstatin, 40 //g/ 
ml bestatin, and 1 jig/tnl aprotinin. Insoluble material 
was removed by centr if ligation, and the supernatant 
was immunoprecipitated by the addition of 20 $l\ of R7 
anti-PDGF receptor antiserum (Eriksson et aL. 1992) 
and 60 j*l of protein A-Sepharose CL4B (Pharmacia) 
and incubating on ice for 60 min. The immunoprecipi- 
tate was washed three times in 500 *tl of Ripa buffer, and 
an equal volume of 2X sample buffer was added. The 
precipitates were boiled, separated on an acrylamide 
gel, and blotted to Immobilon P membrane (method de- 
scribed in Harlowe and Lane, 1988). The immunoblot 
was preblockcd for 4 hr in blotto (5% nonfat dry milk in 
phosphate-buffered saline, 0.02% azidc), exposed over- 
night to R7 antibody (VA00), washed extensively and 
exposed to l25 I-donkey anti-rabbit antibodies for 1 hr, 
followed by several washes, and exposed to X ray film. 

RESULTS 

0-2A progenitors dividing and differentiating in the 
presence of cortical astrocytes or PDGF exhibit three 
observable behaviors from which the functioning of 
their cell-intrinsic clock can be inferred. The first behav- 
ior is the ability of populations of 0-2A progenitors to 
continue to generate new oligodendrocytes for a pro- 
longed period of time, a process that is dependent upon 
ongoing 0-2A progenitor division and differentiation 
(Noble and Murray, 1984; Temple and Raff. 1986; Noble 
et aL, 1988; Raff et aL, 1988). Jn contrast, if 0-2A progen- 
itors are no longer able to divide, oligodendrocyte num- 
bers rapidly increase initially and then show no further 
change when all the 0-2A progenitors have differen- 
tiated (assuming that the fairly consistent rate of dif- 
ferentiation of individual cells (e.g., Raff et al t 1984) is 
itself not changed by the experimental manipulations). 
The second behavior that can be observed is the genera- 
tion of clones of oligodendrocytes derived from a single 
0-2A progenitor. The size of the clone depends on the 
length of the limited period of division elicited by PDGF 
and so reflects the period of time that remained to be 
measured by the founding 0-2A progenitor before dif- 
ferentiation was initiated (Temple and Raff, 1986). The 
third behavior is exhibited by populations of 0-2A pro- 
genitors derived from embryonic optic nerve. Such popu- 
lations give rise to the first oligodendrocytes in vitro at 
a time equivalent to the day of.birth (Noble et aL, 1988; 
Raff et aL, 1988). This last behavior is the measure most 
likely to indicate whether the biological clock in 0-2A 
progenitors is functioning appropriately. 
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The effect of preventing differentiation while stimu- 
lating division for varying periods of time has been ex- 
perimentally determined for all three of these behav- 
iors. The experimental design used for the analyses of 
the first two behaviors (experiments reported in Figs. 1 
and 2) was to grow 0-2A progenitors (derived from the 
optic nerves of 7-day-old rats) under conditions that 
prevented differentiation (PDGF plus bFGF) and to 
switch cells after different durations of culture to con- 
ditions that promoted timed differentiation (PDGF but 
not bFGF). The ability of these cells to divide and dif- 
ferentiate was then compared to that of freshly isolated 
control 0-2A progenitors. Accordingly, optic nerve cells 
were established in bulk culture and given PDGF plus 
bFGF daily. Cultures were passaged weekly, and ali- 
quots of cells were removed and replated in the presence 
of purified cortical astrocytes for analysis (see Fig. 1A). 
Coculture with cortical astrocytes was used as astro- 
cytes make PDGF and promote timed differentiation of 
0-2A progenitors (Noble et at, 1988; Richardson et at, 
1988) as well as maximizing 0-2A lineage cell viability 
(Temple and Raff, 1986; Bar res et aL, 1992), thereby al- 
lowing the analysis of small populations of cells or even 
individual clones. Astrocyte-optic nerve cocultures re- 
ceived either no additional factors, PDGF, or PDGF 
plus bFGF (referred to as Ast, Ast/P, or Ast/PF, respec- 
tively) and were analyzed by immunocytochemistry 
after 1, 2, 3, 5, and 7 days. As expected from the fact that 
astrocytes make PDGF, we observed no differences be- 
tween cultures that received no additional factors (data 
not shown) and those that received PDGF alone and 
present data only on cells that were switched to Ast/P. 

Populations of freshly isolated 0-2 A progenitors cul- 
tured in the presence of PDGF exhibit both 0-2A pro- 
genitor self-renewal by division and oligodendrocyte 
generation by differentiation (Noble and Murray, 19S4; 
Noble et aL, 1988; see also Wren et aL t 1992). in PDGF- 
treated cultures of optic nerve cells, the extent of 0-2A 
progenitor self-renewal is related to the proportion of 
0-2A progenitors with some time remaining in their lim- 
ited period of division, and so have not undergone timed 
differentiation. The capacity of 0-2A progenitor self re- 
newal to continue for prolonged periods in populations 
of cells is thought to reflect a heterogeneity in the dura- 
tion of the mitotic period remaining in different clones 
of the starting population (Temple and Raff, 19S6). As a 
consequence one cannot measure the timed differentia- 
tion of 0-2A progenitors into oligodendrocytes in post- 
natal optic nerve cultures as a single endpoint. The 
changing numbers of 0-2 A progenitors and oligoden- 
drocytes in a population analyzed at various time points 
can be used, however, to give some indication of the 
amount of time that remains to be measured by the 
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Fig. 3. Transient exposure to PDGF plus bFGF doea not perturb the 
appearance of the first oligodendrocytes in embryonic optic nerve cul- 
tures. Data showg the percentage of 0-2A lineage cells that were 
GalC oligodendrocytes (top) or the average number of oligodendro- 
cytes seen per covcr&Up (bottom) in cultures derived from E19 optic 
nerve. The average number of oligodendrocytes per covers Up at che 
time equivalent to E21/P0 is shown ae numbers (PDGF:0.5/PDGF 
plus bFGF:0/PDGF plus bFGF for first day, then PDGF; 0.36), as the 
bats are loo small to ho seeo. Cultures were established in bulk for the 
first 24 h> and then passaged and replated on coverslipfl. They re- 
ceived either PDGF throughout, PDGF plus bFGF throughout, or 
PDGF plus bFGF for the first 24 hr and then PDGF only. Differentia- 
tion state was analyted by imrauiiocytocheroistry at 2, 3, 4, and € days 
after dissection, shown as days equivalent to in vivo. Data are pre- 
sented as means ± SEM of three experiments. 



0-2A progenitors in that population. If, on average, a 
large amount of time remains in the limited period of 
division that precedes timed differentiation, then one 
would observe the continuous generation of both 0-2A 
progenitors and oligodendrocytes. In contrast, if all the 
0-2A progenitors have completed the measurement of 
time and reached the end of their period of division, they 
would be expected to differentiate rapidly into oligoden- 
drocytes and to show little sign of self-renewal. 

Culture ofO-HA Progenitors in PDGF Plus bFGF Leads 
to a Gradual Reduction in the Duration for Which 
They are Subsequently Mitotically Responsive to 
PDGF Alone 

Analysis of populations of 0-2A progenitors that had 
been switched from culture in PDGF plus bFGF to Ast/ 
P showed a dramatic increase in the proportion of 0-2 A 
lineage cells that were oligodendrocytes after the first 3 
days in Ast/P, when compared to freshly isolated 0-2A 
progenitors (Fig. IB). Furthermore, the proportion of 
the starting population that differentiated into oligo- 
dendrocytes during the first 3 days of culture in Ast/P 
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TABLE 2 

0-2 A PftOCSMnORfi THAT ARB NO tONGEB MITOTIC AJ-LV RE3POW9IVB 

to PDGF Express PDGF receptors 



Time of 
culture in 
PDGF plus 
bFGF 


Percentage of 0-2A progenitors that 
were PDGF receptor' 


PDGF 


PDGF + bFGF 


Control cells 


96.1 * 1-1 


95.9 at 1.1 


1 week 


96.0 ± 1.4 


96.8 £ 0.9 


2 weeks 


98.1 T 0.5 


98.0 ± 0.7 


4 weeks 


99.6 ± 0-3 


98.7 ± 0.5 


6 weeks 


97.9*0.8 


98.3 - 0.5 



Mtfe The percentage of 0-2A progenitors that were PDCF recep- 
tor* after various times of culture in the presence of PDGF plus bFGF 
followed by * further 2 days of culture in PDGF or PDGF plus bFGF. 
For culture in the presence of PDGF plus bFGF cells were treated as 
described for the experiments shown in Figs. 1 and 2.' Aliquot? of cells 
were removed after 1, 2, 4, and 6 weeks and rep la ted at a density of 
SOOO cells per covers lip. They were treated with either PDGF or PDGF 
plus bFGF and prepared for immunocytochemistry after 2 days. They 
were labeled with anti-PDGF receptor antibodies, as welt as A2B5 and 
anti-GalC antibodies. The proportion of A2B5* CalC" 0-2A progeni- 
tors that were also labeled by the anti-PDGF receptor antibodies is 
shown. Data is mean z SEM for between 6 and 10 coverslins from two 
separate experiments. 



correlated well with the duration of prior culture in 
PDGF plus bFGF (Fig. IB): the longer cells had been 
grown in the presence of PDGF plus bFGF the greater 
the proportion of 0-2A lineage cells that differentiated 
into oligodendrocytes after 3 days in Ast/P. Three days 
after switching cells to Ast/P the rate of increase of the 
percentage of oligodendrocytes slowed, either because 
the rate of 0-2A progenitor self-renewal became similar 
to the rate of oligodendrocyte generation (after 1, 2, and 
4 weeks in PDGF plus bFGF) or because there were 
almost no 0-2A progenitors left at this time (after 6 
weeks in PDGF plus bFGF). As expected, all cultures in 
Ast/PF showed little increase in the proportion of 0-2A 
lineage cells that were oligodendrocytes as under these 
conditions 0-2 A progenitor division occurred in the ab- 
sence of oligodendrocyte differentiation (Fig. IB), 

Examination of the data shown in Fig. IB in terms of 
cell numbers suggested that after 6 weeks in PDGF plus 
bFGF, no significant amount of 0-2A progenitor divi- 
sion occurred in Ast/P (Fig. 1C, bottom left panel shows 
no change in the sum of the bar heights; the culture 
conditions prevent any significant cell death: see Bar res 
et aL t 1992), In contrast, freshly isolated populations of 
0-2A progenitors, or cells switched after 1 week of cul- 
ture in PDGF plus bFGF, showed a combination of 0-2A 
progenitor self-renewal and oligodendrocyte generation 
in Ast/P (Fig. 1C, left panels). The behavior of 0-2A 



progenitors switched to-Ast/P after only i week of cul- 
ture in PDGF plug bFGF was intermediate between 
that of the cells grown for 6 weeks and freshly isolated 
cells: although some 0-2A progenitor division occurred 
(as indicated by an increase in cell number), a larger 
proportion of cells in the 1 week pre-treated culture be- 
came oligodendrocytes within 3 days than in cultures of 
freshly isolated cells (compare Fig. 1C left panels). As 
expected, all Ast/PF cultures showed 0-2A progenitor 
division and no significant oligodendrocyte generation 
over the time points examined (Fig. 1C). 

Cells differentiating from an A2B5*GalC~ 0-2A pro- 
genitor into an A2B5~Gal(T oligodendrocyte are tran- 
siently A2B5*GalC\ and the proportion of 0-2A lineage 
cells that occupy this compartment at any given time is 
related to the rate of differentiation of the population as 
a whole. Examination of this A2B5*GalC* compartment 
also shows that pretreatment with PDGF plus bFGF is 
associated with an increase in the number of differen- 
tiating cells seen at early time points (Fig. 1C, stippled 
bars). Again, 6 weeks of prior culture in PDGF plus 
bFGF had a more marked effect than 1 week of prior 
culture (Fig. 1C, left panels). After 6 weeks in the pres- 
ence of PDGF plus bFGF, very few A2B5**GalC~ cells 
were found in these culture after the 3-day time point 
(Fig. 1C). In contrast. A2B5*GalC* cells were found on 
all days examined in cultures grown in the presence of 
PDGF plus bFGF for 1 week be/ore switching to Ast/P. 
It is interesting to note, however, that significant num- 
bers of such cells were seen in these cultures several 
days before their presence in cultures derived from 
freshly isolated cells. Thus, these data also indicate that 
the yield of oligodendrocytes within a given time period 
of growth in Ast/P is increased by prior culture in 
PDGF plus bFGF and further indicate that the rate of 
differentiation itself is probably not altered from the 
figure of 3 days reported in earlier studies (Raff et al t 
1984). 



Culture of 0-2A Progenitors in PDGF Plus bFGF Leads 
to a Stepwise Reduction in the Size of the 
Oligodendrocyte Clones Subsequently Generated in 
Response to PDGF Alone 

Clonal analysis allows direct measurement of the 
number of cell divisions that the founding cell of a clone 
and its progeny underwent. In the case of 0-2A progeni- 
tors dividing in response to PDGF, clone si2e depends on 
the length of the limited mitotic period that precedes 
timed differentiation, assuming that no significant 
amount of cell death occurred (Temple and Raff, 1986), 
Therefore, clones derived from 0-2A progenitors that 
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Fic. 4. 0-2A progenitors cultured in PDCP plus bFGF for 6 weeks followed by 2 days in PDGF continue to express PDGF r*u«ptora. 
Three-color immunocy tochemistry of optic nerve cultures using monoclonal AZB5 (via rhodamine) and anti-GalC (via eoumarin) and polyclonal 
anti-PDGF receptor antibodies (via fluorescein). Cells were either derived directly from P7 optic nerve (A to I) or had undergone 6 weeks of 
preculturc in PDGF plus bFGF (J to R). They were cultured for 2 days in the presence of PDGF alone (A to F and J to 0) or in the presence of 
PDGF plus bFGF (G to I and P to R). A2B5*GalC- 0-2A progenitors were PDGF receptor* under all conditions (A to C; G to L; P to R). In 
contrast, A2B5"GalC* oligodendrocytes such as the one indicated by the arrow in B, were negative for the PDGF receptor. D to F and M to 0 
show A2B5*Ga!C* immature oligodendrocytes that are PDGF receptor*. In the control cultures that were derived from P7 F optic nerve cells that 
were PDGF receptor*, but did not label with «ither A2B5 or antf-GalC, were common (short arrows in I). These cells were probably piat 
meningeal cells. The scale bar in A is 30 pm. 



had been grown in PDGF plus bFGF for varying periods 
of time, or had been freshly isolated from optic nerve, 
were analyzed in insulin containing coculture with cor- 
tical astrocytes (Noble et al, 1988; Raff et ol. 1988; 
Barres et aL, 1992). following the method of Temple and 
Raff (1986). Cultures were observed the day after optic 
nerve cells were placed in microculture and every other 
day after that When oligodendrocyte differentiation 
was judged to be complete by cell morphology (after 
between 3 and 10 days, depending on how many rounds 
of division occurred) cultures were prepared for immu- 



nocytochemistry to confirm the differentiation state of 
the cells and to facilitate counting of the cells. 

Clones derived from freshly isolated 0-2 A progeni- 
tors showed a wide range of sizes as expected (Fig. 2A; 
Temple and Raff, 1986). In contrast, after 4 weeks in 
PDGF plus bFGF all of the 38 0-2A progenitors ana- 
lyzed generated clones of 1 oligodendrocyte (Fig. 2C), 
suggesting that these 0-2A progenitors were no longer 
induced to divide by PDGF when grown in single-cell 
microculture. None of the founding cells was seen to 
divide and all differentiated within 3 days of plating 



S L H £ £ 2 0 Id 4 . "1 1 : £ h K Clbl J tLlbl 



b 1 Li daj 1 Ldas 1 U 1 StiD^toct Ilia 



M . 1 £l 



534 



DCVBU)PMKMTAL BlOWJGV VOLUME 162, 1994 



& 4* & 




-PDGFf 



Fig. 5. G-2A progenitors cultured for 7 weeks in PDGF plus bFGF 
express PDGF-«r receptor. Antl-PDGF-cr receptor Western blot of 
aiiti-FDGP-/ir receptor immuno precipitates of Rat-2. NIH 3T3 fibro- 
blasts, and an optic nerve culture that had been grown for 7 weeks in 
the presence of FDGF plus bFGF. The position of the PDGF-a recep- 
tor is indicated, and these bands migrated at approximately ISO kDa, 



into the microweils. 0-2A progenitors that had been 
first grown for a week in PDGF plus bFGF showed be- 
havior that was intermediate between that of freshly 
isolated cells and cells that had been in the presence of 
PDGF plus bFGF for 4 weeks (Fig. 2B). The largest 
clone derived from freshly isolated cells consisted of 120 
cells, implying that the founder 0-2A progenitor of this 
clone underwent at least seven divisions. After 1 week in 
PDGF plus bFGF clones of 21 cells or fewer were ob- 
tained, suggesting that 0-2A progenitors underwent a 
maximum of five divisions after switching to Ast/P. It 
should be noted that some of the clones shown in Fig. 2 
contained A2B5*GalC J 0-2 A progenitors at the time 
that the cultures were fixed (white letters on black 
background). These cells had appeared to be oligoden- 
drocytes when they were observed live under the phase- 
contrast microscope as they had a more complex, 
branched morphology than typical bipolar 0-2A pro- 
genitors. As in the course of oligodendrocytic differen- 
tiation, morphology changes before antigenic phenotype 
(Noble and Murray, 1984; Raff et aL, 1985; Temple and 
Raff, 1986) and is generally associated with a cessation 
of division (Small et aL, 1987; Noble et aL f 1988), it is 
most likely that these cells were at an early stage of 
differentiation. The presence of a few A2B5*GaIC~ mul- 
tipolar 0-2A progenitors in some clones is consistent 
with previous observations (Temple and Raff, 1986). 

A Short Exposure to bFGF Does Jvot Alter tile Timing of 
the Appearance qf the First Oligodendrocytes in 
PDGF- Treated Embryonic Optic Nerve Cultures 

Analysis of the behavior of small populations (Fig. 1) 
arid clones (Fig. 2) suggested that culture in PDGF plus 
bFGF led to a gradual shortening of the period of time 
during which 0-2A progenitors would subsequently di- 
vide in response to Ast/P. One possible explanation is 
that cells registered the passing of time in the presence 
of PDGF plus bFGF and that exposure to bFGF in the 



presence of PDGF did not prevent the measurement of 
time in cultures of postnatal optic nerve. An alternative 
explanation would be that any exposure to bFGF dra- 
matically increases the yield of oligodendrocytes pro- 
duced within the first few days of subsequent growth in 
Ast/P, To test this possibility we used the sensitive as- 
say for the correct functioning of the clock provided by 
the timed appearance of oligodendrocytes in cultures of 
embryonic optic nerve. The first oligodendrocytes ap- 
pear in embryonic optic nerve cultures treated with 
PDGF at a time equivalent to birth, and invariably do so 
within a 24-hr window (Raff et aL. 1988). Therefore, we 
exposed embryonic optic nerve cultures transiently to 
bFGF (in the continued presence of PDGF) and fol- 
lowed the appearance of oligodendrocytes. 

Transient exposure to bFGF in the continued pres- 
ence of PDGF did not alter the time of appearance of the 
first oligodendrocytes in embryonic optic nerve cultures 
from that observed in control cultures that received 
PDGF throughout the experiment (Fig. 3). However, 
slightly fewer oligodendrocytes appeared over the 
course of the experiment in cultures that transiently 
received bFGF, both in terms of cell numbers and pro- 
portion of 0-2A lineage cells. This raises the possibility 
that short-term exposure to bFGF increased the num- 
ber of divisions that some clones of cells underwent, as 
has been suggested by others (McKinnon et al t 1990). 
Cells that received either PDGF or PDGF plus bFGF 
throughout behaved as expected from previous studies: 
in PDGF alone the first oligodendrocytes were gener- 
ated after 2 days (Fig. 3; Raff et aL, 1988), while in PDGF 
plus bFGF no oligodendrocytes were generated (Fig. 3; 
Bogler et at, 1990). 

Q-2A Progenitor* That Are Mitotically Unresponsive to 
PDGF Continue to Express PDGF-a Receptors 

One possible explanation for the observation that 
prolonged culture in the presence of PDGF plus bFGF 
led to an inability of some or all 0-2 A progenitors to 
subsequently respond to Ast/P is that the levels of 
PDGF-ar receptor declined. In order to investigate this 
possibility, we asked whether long-term cultures of 
0-2A progenitors grown in the presence of PDGF and 
bFGF continued to express PDGF-* receptors. We also 
tested whether 0-2A progenitors grown for various pe- 
riods of time in PDGF plus bFGF and then switched to 
the presence of PDGF alone for 2 days expressed PDGF- 
of receptors. Bulk optic nerve cultures derived from P7 
optic nerve were established as for previous experi- 
ments. Cells were removed from PDGF plus bFGF after 
1, 2, 4, and 6 weeks and analyzed by PDGF receptor 
immunocytochemistry after a further 2 days, either in 
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the presence of PDGF plus bFGF or in PDGF alone (Ta- 
ble 2 and Fig. 4). This time point was chosen as it repre- 
sents a compromise between allowing the maximum 
time for the levels of receptor to decline if it were no 
longer being synthesized and retaining enough 
A2B5*GalC" 0-2A progenitors present in all the cul- 
tures to be able to analyze a reasonably sized population 
of cells. 

Greater than 95% of A2B5*GalC" 0-2A progenitors 
showed a clear reaction with anti-PDGF receptor anti- 
bodies in all cultures examined, suggesting that they 
expressed PDGF-a receptor (Table 2 and Fig. 4) despite 
being refractory to the mitogenic effects of PDGF. In 
contrast, A2B5" GalC + oligodendrocytes were not la- 
beled by the anti-PDGF receptor antibodies in any cul- 
tures (Fig. 4 A to 4C). In both the control and experimen- 
tal populations that received only PDGF. A2B5 + GalC* 
immature oligodendrocytes that were also PDGF recep- 
tor"' were seen, suggesting that at least in some cases 
PDGF-a receptor levels did not decline until after dif- 
ferentiation was already in progress. 

The cells that remained from the bulk culture of one 
of the above experiments after 6 weeks were returned to 
culture in the presence of PDGF plus bFGF for a further 
7 days before being harvested for analysis by immuno- 
precipitation and Western blotting with an antiserum 
specific for the PDGF-a receptor (Eriksson et al t 1992). 
As can be seen in Fig. 5 this optic nerve culture, which 
contained almost only 0-2A progenitors, expressed lev- 
els of PDGF-a receptor similar to NIH 3T3 or Rat-2 
fibroblasts. 

DISCUSSION 

When grown in the presence of PDGF, 0-2A progeni- 
tors derived from optic nerves of perinatal rats undergo 
a limited period of division, at the end of which they 
switch from division to differentiation, the duration of 
this period of division is thought to be regulated by a 
cell-intrinsic clock. We examined whether 0-2A progen- 
itor behavior changed with elapsed time when cells were 
grown for varying periods of time under conditions that 
stimulate division and prevent differentiation. It was 
found that 0-2A progenitors grown in the presence of 
PDGF plus bFGF r which together prevent differentia- 
tion, gradually became refractory to the mitogenic ef- 
fect of subsequent culture in Ast/P in the absence of 
bFGF, The longer the period in PDGF plus bFGF, the 
greater the proportion of 0-2A progenitors that differ- 
entiated without dividing after having been switched to 
Ast/P. Eventually, after 6 weeks in PDGF plus bFGF, 
almost all the 0-2A progenitors differentiated without 
dividing in Ast/P. In addition, 0-2A progenitors precul- 



tured in PDGF plus bFGF gave rise to smaller clones of 
oligodendrocytes, after switching to single cell culture 
in Ast/P, than did freshly isolated cells grown in paral- 
lel single cell microculture. After 1 week in PDGF plus 
bFGF the maximum clone size observed after switching 
to Ast/P was 21 cells compared to 120 cells seen in the 
largest clone derived from freshly isolated 0-2A pro- 
genitors. Exposure to both mitogens for 4 weeks was 
sufficient to produce a population of 0-2A progenitors 
that no longer divided after switching to Ast/P in single 
cell microculture. In contrast, a short exposure to PDGF 
plus bFGF did not result in any similar shortening of 
the period of division of 0-2A progenitors after switch- 
ing to PDGF alone. 

We suggest that the simplest explanation of our re- 
sults is that 0-2 A progenitors cultured in the presence 
of PDGF plus bFGF measure time and retain a memory 
of the fact that they have exceeded the number of divi- 
sions that they would normally undergo in the presence 
of PDGF alone. While it appears that this continued 
functioning of the biological clock was able to bring cells 
to the brink of differentiation, it was not sufficient to 
cause a cessation of cell division or to induce differen- 
tiation. These results represent an extension of previous 
studies of this phenomenon, in that the measurement of 
time by 0-2A progenitors had previously only been ob- 
served as the timed switching of cells from a program of 
self-renewal by division to a program of differentiation, 
in the presence of PDGF (Noble and Murray, 1984; Tem- 
ple and Raff, 1986; Noble et al 9 X988; Raff et al t 1988). 
From these studies it was not possible to determine 
whether the clock is part of the mechanisms that regu- 
late cell division and differentiation or is separate from 
them. The demonstration that the measurement of time 
apparently occurs under conditions where division con- 
tinues in the absence of differentiation allows us to ex- 
amine this issue. 

Predictions about the behavior of the clock under con- 
ditions in which cells divide but do not differentiate 
differ depending on whether it is a separate and indepen- 
dent mechanism. If the clock were an integral part of 
either the cell division or differentiation machinery, it 
would follow that the clock would be inoperative under 
the growth conditions we examined. In detail, if the 
clock worked by limiting the number of cell divisions, 
for example by the loss of an activity required for execu- 
tion of the cell cycle, then conditions under which this 
limit is removed would prevent the measurement of 
time. Similarly, if the clock operated by inducing differ- 
entiation after a set period of time, conditions which 
prevent differentiation would destroy the cell's ability 
to measure time. Our observations appear to rule out 
both of these groups of potential mechanisms, as our 
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data suggest that the measurement of time is ongoing 
under conditions that induce continued proliferation in 
the absence of differentiation. Instead, we would sug- 
gest that our results are more consistent with the hy- 
pothesis that the measurement of time is performed by 
a separate cellular mechanism that can interact with 
the mechanisms controlling division and/or differentia- 
tion, yet is distinct from these mechanisms. 

It should be noted that our experiments do not ad- 
dress the questions of whether cell division is required 
for the functioning of the clock or whether it is the num- 
ber of cell divisions that are being counted. In order to 
examine these issues it would be necessary to analyze 
the ability of cells to measure elapsed time in the ab- 
sence of cell division. Therefore, while our hypothesis 
states that the clock is separate from the cell division 
machinery (i.e., does not function by imposing an irrevo- 
cable limit on the number of cell divisions), it does not 
state that the clock does not require cell division to 
function. 

Previous analysis of 0-2A progenitors in single cell 
eulture has led to the estimate that a maximum of eight 
rounds of cell division occur in response to stimulation 
by purified astrocytes (Temple and Raff, 1986), which 
appear to exert their mitogenic effects through PDGF 
(Noble et al, 1988; Raff et al, 1988; Richardson et al, 
1988). This estimate is at odds with our finding that 
growth for between 4 and 6 weeks in PDGF plus bFGF is 
required for 0-2A progenitors to reach the point at 
which they are unresponsive to Ast/P (Figs. 1 and 2). 
0-2A progenitors grown in PDGF, or in PDGF plus 
bFGF, appear to have similar cell cycle times of approxi- 
mately 20 hr (Noble et al, 1988; Bogler et aL, 1990). At 
such a rate of division, at least 28 divisions (4 weeks; see 
Fig. 2) would be required to exhaust the measurement of 
time in the presence of PDGF plus bFGF. 

One explanation for this difference between our ob- 
servations and those of Temple and Raff (1986) would be 
that exposure to bFGF alters the clock by extending the 
period of time to be measured. This possibility has been 
raised in the context of a model for the clock whereby 
the measurement of time is ascribed to a reduction in 
the level of PDGF-a receptors, in a study where it was 
observed that bFGF could up-regulate the amount of 
PDGF-a receptor expressed by 0-2A progenitors 
(McKinnon et aL, 1990), This possibility would not be 
inconsistent with our observation that a short exposure 
of embryonic optic nerve-derived 0-2A progenitors to 
bFGF was associated with a slower production of oligo- 
dendrocytes, although the time of their first appearance 
was not changed (Fig. 3). However, other data from our 
study show that exposure to bFGF (in the presence of 



PDGF) for 1 week or longer leads to a reduction in the 
subsequent period of division in response to PDGF, sug- 
gesting that exposure to bFGF does not inevitably lead 
to an extension in the clock. 

Another possible explanation for the discrepancy be- 
tween our results and those of Temple and Raff (1986) is 
that the experimental conditions under which the mea- 
surement of time is examined can affect the result. 
When we analyzed individual 0-2A progenitors as op- 
posed to small populations, we observed that a shorter 
period of previous culture in PDGF plus bFGF resulted 
in the complete absence of division: for small population 
analysis 6 week3 was required, while for single cell anal- 
ysis only 4 weeks sufficed (compare Figs. 1 and 2). This 
would suggest that any measure of the length of the 
PDGF responsive period derived from observations in 
single cell microculture may lead to an underestimate 
when compared to experiments using small populations. 
It is not clear whether these differences arc due to inter- 
actions between 0-2A progenitors, changes in the ratio 
of astrocytes to optic nerve cells, or other factors. 

0-2 A progenitors that differentiate under the control 
of the clock lose the ability to divide in response to 
PDGF before any overt phenotypic changes occur (Tem- 
ple and Raff, 1986; Noble et aL, 1988; Raff et al, 1988). 
Oligodendrocytes are however not truly postmitotic as 
they retain the ability to divide in response to bFGF for 
a period of time in culture (Eccleston and Silberberg, 
1985; Saneto and De Vellis, 1985; Noble et al, 1988; 
Bogler et al t 1990; Mayer et at, 1993). It has, therefore, 
appeared probable that a key event in triggering timed 
differentiation in 0-2 A progenitors is the selective loss 
of mitotic responsiveness to PDGF. This has seemed un- 
likely to be due to a loss of PDGF receptors, as at least 
50% of newly formed oligodendrocytes express detect- 
able levels of PDGF receptors (Hart et aL, 1989b). Fur- 
thermore, the PDGF receptors on immature oligoden- 
drocytes are able to transmit signals: PDGF is capable 
of inducing a rise in intracellular calcium (Hart et ol } 
19S9a) as well as the expression of the proto-oncogenes 
c-fos and c-jun (Hart etaL, 1992). In addition, PDGF can 
transiently act as a survival factor for oligodendrocytes 
(Barres et al, 1992) and elevate protein levels of the 
transcription factor SClP/Tst-l/Oct-6 in immature oli- 
godendrocytes (O. Bogler, A. Entwistle, R, Kubn, G. 
Lemke, and M. Noble, unpublished observation). Our ob- 
servation that 0-2A progenitors that have become re- 
fractory to the mitogenic effect of PDGF after pro- 
longed culture in PDGF plus bFGF, but continue to ex- 
press easily detectable levels of PDGF receptor, is 
therefore in agreement with the work of others. The 
possibility that changes too subtle to be discerned with 



bbP 'd'd. 1 1 : d.'3 h K Clbl J ltlbl 



t> i u ysj i jao iu iDBoc.bJi us 



r . 13 



B6GLER AND NOBLE TtW JJtawwrewiowi in O-SA Pro&mitore 



537 



either anti-PDGP receptor antibodies (this study) or ra- 
diolabeled PDGF (Hart et aL, 1989b) underlie timed dif- 
ferentiation cannot, however, be excluded at present. 

Recent studies conducted on fibroblast populations 
suggest that the type of phenomenon we have observed 
is not restricted to 0-2A progenitor cells. These experi- 
ments have been performed on fibroblast populations 
derived from H-2K b -tsA58 transgenic mice (J at et ai f 
1991), which can be induced to express the immortaliz- 
ing ts A58 mutant of SV40 large T antigen immediately 
after dissection by growth of cells in the presence of 
interferon at 33* C. Thus, these cells can be exposed to a 
stimulus that allows them to continue dividing beyond 
their normal limited mitotic life span from the begin- 
ning of their in vitro growth, in analogy with the expo- 
sure of 0-2A progenitors to PDGF plus bFGF- Fibro- 
blasts derived from H-2K b -tsA5S transgenic mice are 
only conditionally immortal, in that switch to growth in 
interferon-free medium at 39J5°C turns off function of 
the large T antigen, again in analogy with the switch of 
0-2A progenitors from growth in PDGF plus bFGF to 
growth in Ast/P. It was shown previously that inactiva- 
tion of a conditional immortalizing stimulus in long* 
term rodent fibroblast cultures was associated with the 
cessation of growth and an accumulation of cells in the 
Gl and G2/M phases of the cell cycle, suggesting that 
the removal of active large T antigen led to the recapitu- 
lation of senescence (Grove and Cristofalo, 1977; Jat and 
Sharp, 1989). The more recent studies on fibroblasts de- 
rived from H-2K b -tsA58 transgenic mice have indicated 
that in these cells the normal mitotic life span is mea- 
sured despite the presence of large T antigen. Thus, cells 
switched to nonpermiSBive conditions after various num- 
bers of passages under immortalizing conditions have a 
shorter remaining mitotic life span than control cells, 
with the extent of remaining mitotic life span being re- 
lated directly to the length of time the cells were first 
grown under immortalizing conditions. Moreover, cells 
switched after the normal mitotic life span has elapsed 
rapidly cease cell division and become senescent (Ikram 
et aL, in press). These results suggest that cells pre- 
vented from undergoing senescence by the presence of 
an immortalizing oncogene retain cellular memory of 
having passed the number of cell divisions after which 
they would have ordinarily senesced, implying that the 
mechanism that regulates the onset of senescence mea- 
sures time in the presence of an oncogene. The timing 
mechanisms that regulate senescence and oligodendro- 
cyte differentiation therefore appear to be at least su- 
perficially similar in that they remain active when not 
being able to regulate the onset of the processes they 
normally control. The extent to which such processes 
are indeed controlled by similar mechanisms will only 



be established when the molecular basis of timed differ- 
entiation is understood. 

We suggest that the data we have presented establish 
that the biological clock of 0-2A. progenitor cells is an 
autonomous mechanism distinct from the mechanisms 
which allow cell division or promote cell-type-specific 
differentiation. An elucidation of the molecular nature 
of the clock may be facilitated by the ability to generate 
cells which are no longer able to measure time, for exam- 
ple by prolonged culture of 0-2A progenitors in PDGF 
plus bFGF or rodent fibroblasts harboring a tempera- 
ture-sensitive SV40 large T antigen. Such cells could be 
used as targets for attempts to reconstitute the measure- 
ment of time and so may lead to the identification of the 
molecules involved. 
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Table 3 Ami-PDGF antibodies block response of 0-2A progenitors to 
type-1 astrocytes and PDGF, but not to FGF 



Radiolabeled 0-2A progenitors (%) 
No anti-PDGF . Plus anti-PDGF 



ACM 

PDGF, 5 ng/ml 
FGF, 5 ng/ ml 



63 + 4.2% 
69 + 3-7% 
40 + 4.2% 



<1% 
<1% 
44.5 + 2.5% 



Cells were grown as in Table 1. Cultures received either the indicated 
mitogen, or mitogen plus 50 ng of rabbit anti-PDGF antiserum (purified 
Ig fraction, a kind gift of C- Heldin). When antibody was added, the 
ACM or non-conditioned medium with mitogen was preincu bated with 
antibody for at least 1 h before addition to the cells. Cells were labelled 
with [ 3 H]-thymidine ( immunolabelled, processed for autoradiography 
and scored as in Table 2. 



the medium contained PDGF (data not shown). Thus, PDGF 
neither inhibited nor induced differentiation of 0-2 A progenitor 
cells into typc-2 astrocytes, nor did it preclude differentiation 
of 0-2A progenitor cells into oligodendrocytes. In these respects 
also, the effects of PDGF were identical to the effects of type-1 
astrocytes. 

To determine whether the effects of type-1 astrocytes were 
mediated by PDGF, we treated ACM, or medium containing 
PDGF or fibroblast growth factor (FGF) with affinity-purified 
anti-PDGF antibody. (As will be discussed elsewhere, FGF is 
also a mitogen for 0-2A lineage cells, but does not mimic the 
effects of type-1 astrocytes on motility and differentiation.) These 
antibodies blocked the effects of ACM and PDGF, but did not 
block FGF-induced DNA synthesis in 0-2A progenitors (Table 
3), indicating that blocking was not due to toxic effects of the 
antibody. 

Type-1 astrocytes also support the appropriately timed 
differentiation of embryonic 0-2A progenitors grown in vitro . 
As discussed in the accompanying paper 7 , astrocyte- derived 
PDGF seems to play a key role in this effect and is by itself 
sufficient to promote the synchronous differentiation of clonally 
related and dividing progenitor cell families. Thus, in these 
respects also, PDGF completely mimics the effects of type-1 
astrocytes. 

The ability of a single molecule to replace type-1 astrocytes 
in modulating 0-2A progenitor development in vitro suggests 
that these cells have a complex and constitutive behavioural 
phenotype, controlled by processes internal to the progenitors 
themselves. Progenitors stimulated to divide by an appropriate 
mitogen appear to be intrinsically migratory cells, with a bipolar 
morphology, which cease migration upon differentiating into 
multipolar oligodendrocytes; this differentiation seems to be 
controlled, at least in part, by internal clocks which may function 
by counting cell divisions. This programme does not, however, 
include astrocyte differentiation, which requires a separate 
inducing factor 10 . 

The observations that PDGF induced DNA synthesis at 
picomolar concentrations, the identical effects of PDGF and 
type-1 astrocytes on the division, differentiation and motility of 
0-2A progenitors and the ability of antUPDGF antibodies to 
block the activity of astrocyte-conditioned medium all indicate 
that the astrocyte activity is a PDGF-like substance. In addition, 
messenger RNA for PDGF has been identified in purified astro- 
ctyes and these cells have been found to secrete PDGF in vitro 17 
(W. Richardson, N. Pringle, M. Moseley, B. Westermark, & M. 
Dubois-Dalcq, manuscript submitted). Together, our studies 
indicate that PDGF may play an important role in gliogenesis 
in the CNS. 

The ability of PDGF to promote division and migration of 
0-2A progenitor cells may be of particular interest in light of 
observations that PDGF can act as achemotactic agent 11 . During 
. embryogenesis, 0-2A progenitors appear to populate the optic 



nerve by migrating from a germinal zone in or near the optic 
chiasm along the nerve towards the eye 5 . This directional migra- 
tion could be due to movement along a gradient of a chemotactic 
substance, such as PDGF. In the adult animal, the ability of 
cells in a lesion site to secrete compounds which promote 0-2A 
progenitor migration and division could be of value in the repair 
of demyelinating damage in the CNS. The controlled application 
of PDGF, or other chemotactic mitogens, might enhance these 
repair processes. 
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The various cell types in a multicellular animal differentiate on a 
predictable schedule but the mechanisms responsible for timing 
cell differentiation are largely unknown. We have studied a popula- 
tion of bipotentiai glial (0-2A) progenitor cells In the developing 
rat optic nerve 1 that gives rise to oligodendrocytes beginning at 
birth and to rype-2 astrocytes 2 beginning in the second postnatal 
week 3 . Whereas, in vivo, these 0-2A progenitor cells proliferate 
and give rise to postmitotic oligodendrocytes over several weeks 4 * 5 , 
in serum-free (or low-serum) culture they stop dividing prematurely 
and differentiate into oligodendrocytes within two or three days 1 ' 6 * . 
The normal timing of oligodendrocyte development can be restored 
if embryonic optic-nerve cells are cultured in medium conditioned 
by type-1 astrocytes 8 , the first glial cells to differentiate in the 
nerve : in this case the progenitor cells continue to proliferate, 
the first oligodendrocytes appear on the equivalent of the day of 
birth, and new oligodendrocytes continue to develop over several 
weeks, just as in vivo 1 . Here we show that platelet-derived growth 
factor (PDGF) can replace type-1 -astrocyte-conditioned medium 
in restoring the normal timing of oligodendrocyte differentiation 
in vitro and that anti-PDGF antibodies inhibit this property of 
the appropriately conditioned medium. We also show that PDGF 
is present in the developing optic nerve. These findings suggest 
that type-l-astrocyte-derived PDGF drives the clock that times 
oligodendrocyte development. 
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Table 1 Effect of PDGF on 0-2A progenitor-cell proliferation and 
differentiation into oligodendrocytes in vitro 



-LfTTERSTONATURE- 



Age of 
optic 
nerve 


PDGF 
(ng mP 1 ) 


Days in 
culture 


Number of 

0-2A 
progenitor 

cells 


Number of 

oligo- 
dendrocytes 


E17 
E17 
E17 
E17 
E17 


0 
0 
2 
2 
2 


2 
3 
2 
3 
4 


8*5 
5*3 
51 ±8 
117±21 
214*38 


15*7 
19*8 

0 

0 
4*2 


E18 
El8 
E18 


0 
2 


2 . 

2 

3 


8*3 
135* 17 
317*45 


55*7 
0 

10*4 


E19 
E19 
E19 


0 
2 
2 


1 
1 

2 


14*2 
120*9 
199*28 


70*4 
0 

2*1 


E18 
E18 
E18 
E18 


2 
2 
10 
10 


2 
3 
2 
3 


148*13 
287*23 
133*11 
278*37 


0 

12*6 
0 
8*4 



Optic nerves from embryonic S/D rats were dissociated into single 
cells and cultured on poly-D-lysine (PDL)-coaied glass coverslips (about 
30.000 cells per coverslip) in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with glucose, insulin, transferrin, bovine serum 
albumin, progesterone, putrescine, thyroxine, tri-idodothyronine and 
0.5% FCS as described*. Punned human PDGF (R and D Systems, 
Inc.) was added at the start of the culture. After 1-4 days, the cells were 
fixed in 4% paraformaldehyde in phosphate-buffered saline (/>H 7.5) 
for 5 min at room temperature and stained successively with monoclonal 
anti-galactocerebroside (GC) antibody 19 (ascites fluid diluted 1:1000), 
Buorescein-coupled goat anti-mouse IgG3 (G anti-IgG3-Fl, Nordic, 
diluted 1:100), A2B5 monoclonal antibody 20 (ascites fluid diluted 1:100) 
and finally rhodamine-coupled goat anti-mouse Ig (G anti-MIg-Rd t 
Cappel, diluted 1 :100); the cells were then post-fixed in acid-alcohol, 
mounted in glycerol and examined in a Zeiss Universal fluorescence 
microscope, as described 7 . 0-2A progenitor cells were identified by their 
antigenic phenptype (A2B5-*\ GC") 1 * 15 and characteristic process- 
bearing morphology 15 , while oligodendrocytes were identified as GC 
process-bearing cells 11 . The total numbers of these cells were counted 
on each coverslip and the results are expressed as means * s.d. of at 
least three experiments. The concentration of PDGF required for half- 
maximal stimulation of 0-2A progenitor-cell proliferation was -0.5 ng 
ml" 1 (ref.9). 



We were led to study the effect of PDGF on the timing of 
oligodendrocyte development in vitro by recent evidence that 
PDGF is a potent mitogen for 0-2A progenitor cells in culture 910 
and that cultured type-1 astrocytes stimulate 0-2A progenitor- 
cell proliferation 8 by secreting PDGF*. In the present study, 
optic nerve cells from embryonic day 17 (E17) Sprague-Dawley 
(S/D) rats were cultured in medium containing 0.5% fetal calf 
serum (FCS). As previously reported 7 , within two days most of 
the 0-2A progenitor cells in such cultures stopped dividing and 
differentiated into oligodendrocytes, which were identified by 
the binding of antibody against galactocerebroside (GC) 1 
(Table 1). When human PDGF (R and D Systems, Inc., Min- 
neapolis) was added, however, the 0-2A progenitor cells con- 
tinued to proliferate, doubling in number approximately every 
day, and the first oligodendrocytes developed after four days, 
equivalent to the time of birth (Table I). The same result was 
obtained if the cells were cultured in type-l-astrocyte-condi- 
tioned medium (ACM), as reported previously 7 (data not 
shown). When E18 or E19 optic nerve cells were cultured in 
PDGF, the first oligodendrocytes developed after three and two 
days, respectively, again equivalent to the day of birth (Table 
1). The same results were/ obtained with a fivefold higher con- 
centration of PDGF (Table 1), with human PDGF obtained 
from Raines and Ross 12 , and with porcine PDGF obtained either 



from R and D Systems or from Stroobant and Waterfield 13 (data 

not shown). . , 

These results indicate that PDGF can mimic the effects of 
ACM in restoring in culture the normal timing of oligoden- 
drocyte development observed in vivo, raising the possibility 
that PDGF is the factor in ACM responsible for this activity. 
To test this possibility, E17 optic nerve cells were cultured in 
ACM together with an IgG fraction of a goat anti-PDGF anti- 
serum. As shown in Table 2, these antibodies completely blocked 
the ability of ACM both to stimulate 0-2A progenitor-cell pro- 
liferation (as reported previously 9 ) and to restore the normal in 
vivo timing of oligodendrocyte development in culture (Table 
2). The same result was obtained using an IgG fraction of a 



Table 2 Effect of anti-PDGF antibodies on the ability of conditioned 
medium (ACM or ONCM) to restore the in vivo timing of oligoden- 
drocyte development in cultures of EI7 optic nerve cells 









Number of 






Anti-PDGF 




0-2A 


Number of 


Conditioned 


antibodies 


PDGF 


progenitor 


oligo- 


medium 


(90 u-g mi' 1 ) 


(ng ml" 1 ) 


cells 


dendrocytes 


. none 




0 


12*5 


25*11 


none 




2 


71*9 


0 


ACM 




0 


75*13 


0 


ACM 




0 


15*7 


24*8 


ACM 


+ 


15 


82*18 


0 


ONCM 




0 


64*8 


0 


ONCM 




0 


8*2 


31*5 



Cells from E17 optic nerves were prepared, cultured for 2 days and 
stained as in Table 1. Purified type-1 astrocytes from newborn rat 
cerebral cortex were prepared as described 21 ; after growing for several 
weeks in DMEM supplemented with 10% FCS, the astrocytes were 
grown in the defined medium (with 0.5% FCS) described in Table I 
for 2 days and the medium was collected as ACM. Newborn optic nerve 
cells (5 x 10 5 in 2 ml in PDL-coated 3.5 mm Nunc tissue-culture dishes) 
were cultured as described 1 ; after 1 day in DMEM containing 10% 
FCS, the cultures were switched to defined medium containing 0.5% 
FCS[ which was collected after I day as ONCM. The conditioned media 
were* tested on E17 optic-nerve cultures to find the highest dilution that 
would stilt restore the normal timing of oligodendrocyte differentiation, 
and this concentration (which varied from undiluted to diluted 1 : 10) 
was used in these experiments. The medium was changed after 24 h, 
and fresh conditioned medium, anti-PDGF antibody, and human PDGF 
(R and D Systems, Inc.) were added. The goat anti-human PDGF 
antibodies (an IgG fraction prepared by ion-exchange chromatography) 
were purchased from Collaborative Research Inc. (Bedford, 
Massachusetts); 50 u.g ml -1 of the antibody completely neutralized the 
autogenic activity of 5 ng ml"* of human PDGF for 0-2A progenitor 
cells (data not shown), and for NIH 3T3 cells (according to the Col- 
laborative Research specification sheet). The results are expressed as 
means * s.d. of three separate experiments, except for the results with 
ONCM where they are triplicates of a single experiment. 

rabbit antiserum 14 obtained from C.-H. Heldin (data not shown). 
IgG fractions of goat and rabbit antisera against mouse 
immunoglobulin, used at the same or tenfold higher concentra- 
tion, had no such effect (data not shown). The addition of 
exogenous PDGF together with the anti-PDGF antibodies com- 
pletely overcame the inhibitory activity of the antibodies (Table 

The ACM used in the present and previous studies was 
derived from cultures of type-1 astrocytes purified from neo- 
natal-rat cerebral cortex. To determine whether type-1 astrocytes 
in optic nerve cell cultures also secrete PDGF, we cultured E17 
optic nerve cells in medium conditioned over a high density 
culture of newborn optic nerve cells; almost 60% of newborn 
optic nerve cells arc typc-1 astrocytes 3 . As shown in Table 2, 
such optic nerve conditioned medium (ONCM) kept 0-2A 
progenitor cells dividing and prevented these cells from pre- 
maturely differentiating into oligodendrocytes; this activity was 
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completely inhibited by anti-PDCF antibodies. We have pre- 
viously provided evidence, however, that the endogenous type- 1 
astrocytes in E17 optic nerve cultures are too few m number 
and/or are unable to recover quickly enough from the dissoci- 
ation procedure to produce sufficient mitogen to keep the pro- 
genitor cells dividing and to prevent their premature differenti- 

^ To determine whether PDGF is made in the developing optic 
nerve we tested an extract of three-week-old rat optic nerve for 
its ability to stimulate 0-2A progenitor cells in culture to incor- 
porate bromodeoxyuridine (BrdU) into DNA before and after 
the extract was treated with anti-PDGF antibodies. As shown 
in Table 3, the extract stimulated progenitor cells to incorporate 



Table 4 Clonal analysis of oligodendrocyte differentiation in optic 
nerve cell cultures from 7-day-old rats stimulated by PDGF 



Table 3 Stimulation of BrdU incorporation in 0-2A progenitor cells 
by optic nerve extract in culture: the effe ct of anti-PDGF antibodies 

% 0-2A progenitor cells 
labelled with BrdU 



Additives 
None 

PDGF (lng ml* 1 ) 
Optic nerve extract 
Optic nerve extract treated with anti- 
PDGF antibodies 



3±1 
64±4 
50±2 
14±6 



Cells from newborn optic nerves were cultured as in Table 1, except 
that they were maintained without FCS at 5,000 cells per culture. 
Bromodeoxyuridine (BrdU, 10 u.M; Boehringer) was added after II. 5 h, 
and the cultures were fixed after 48 h and stained with A2B5 antibody, 
followed by G anti-Mlg-Fl (Cappel, 1:100); they were then treated 
successively with 2 N HC1 (to denature the nuclear DNA ), 0.1 M 
Na 2 B 4 0 7 , pH 8.5 (each for lOmin at room temperature), monoclonal 
anti-BrdU antibody" (culture supernatant diluted 1:5) and finally with 
G ani-MIgRd. Optic-nerve extract was prepared from three weclt-ofd 
rats as described ,g and used at 220 ng total protein ml* 1 . For treatment 
with anti-PDGF antibodies, the extract (264 u.g total protein) was incu- 
bated with the IgG fraction of goat anti-human PDGF antiserum (135 p.g 
in 0.7 ml of DMEM; Collaborative Research) for 4h at 4"C with 
continuous rotation; protein A-Sepharose (50 u.1 of swollen gel, Phar- 
macia) was added and the mixture was incubated for a further 12 h at 
4 *C with continuous rotation and then centrifuged for 1 min in an MSE 
Micro Centaur. Incubating the extract in normal goat serum and then 
protein A-Sepharose had no effect on the extract's activity; the extract 
used in the experiment shown was treated in this way. Anti-PDGF 
antibodies inhibited the activity or the extract to the same extent when 
they were added directly (85 u.g ml -1 ) to the cultures (data not shown). 
The results are expressed as means is.e.m. of triplicate cultures. 

BrdU, and more than 70% of this rnitogenic activity was removed 
by anti-PDGF antibodies. While this suggests that the major 
mitogen for 0-2A progenitor cells in the optic nerve at this age 
is PDGF, the finding that not all of the rnitogenic activity in 
the extract was removed by the antibodies, or neutralized when 
progenitor cells were cultured with the extract in the presence 
of an excess of anti-PDGF antibody (data not shown), suggests 
that another mitogen(s) is also present. 

Our present and previous results provide compelling evidence 
that PDGF, secreted by type-1 astrocytes, regulates both the 
proliferation and the timing of differentiation of 0-2A progenitor 
cells in vitro. To summarize the evidence: (1) PDGF stimulates 
the proliferation of 0-2A progenitor cells and prevents them 
from differentiating prematurely into oligodendrocytes in cul- 
ture (refs9, 10, and this study); (2) cultures of type-1 astrocytes 
purified from cerebral cortex make both PDGF and messenger 
RNA encoding PDGF A chains'; (3) when ACM is fractionated 
by gel filtration, the rnitogenic activity for 0-2A progenitor cells 
is found in the same fractions as radiolabeled PDGF 9 ; (4) 
anti-PDGF antibodies inhibit the ability of ACM and ONCM 
to stimulate 0-2A progenitor cell proliferation in vitro (ref. 9,10 
and this study) and to restore the normal in vivo timing to 
oligodendrocyte differentiation (this study). 
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Cells from post-natal day 7 (P7) S/D rats were prepared and studied 
by time-lapse microcinematography as described 16 , except that the cells 
were maintained inhuman PDGF (10 ng ml"') instead of ACM- Prohfc 
ration and differentiation of cells in microscopic fields containing 2 to 
4 Q-2A progenitor cells were followed for one week. The 0-2A pro- 
genitor cells were identified by their characteristic bipolar mor- 
phology 1316 and migratory behaviour 16 , while oligodendrocytes were 
identified by their multipolar morphology 101 51 6 and lack of motility . 
As shown in the table, oligodendrocyte differentiation occurred after 
one to four cell divisions in the ten clones studied, although in every 
experiment there were still dividing 0-2A progenitor cells (belonging 
to other clones) present in the field at the end of filming. P, 0-2A 
progenitor cells; ol, oligodendrocytes; M, cells that migrated out or the 
microscopic field and could no longer be followed. 

Previous studies have suggested that ACM regulates the timing 
of oligodendrocyte development in vitro by keeping 0-2A pro- 
genitor cells dividing until an intrinsic clock in the progenitor 
cell initiates the process that leads to oligodendrocyte differenti- 
ation 7 ' 15 . The results of these studies were consistent with the 
possibility that the clock operates by setting a maximum number 
of divisions a progenitor cell and its progeny can undergo before 
differentiating. To test this possibility further we cultured optic 
nerve cells from seven-day-old rats in the presence of PDGF 
and followed the fate of individual 0-2A progenitor cells and 
their progeny by time-lapse microcinematography. As described 
previously, 0-2A progenitor cells and oligodendrocytes could 
be easily recognized as motile bipolar cells and immotile multi- 
polar cells, respectively 16 . In nine of the ten clones studied, all 
of the descendants of a single progenitor cell differentiated 
together into non-dividing oligodendrocytes after the same num- 
ber of cell divisions (Table 4); in the other clone (clone j in 
Table 4), the progenitor cells differentiated within one cell 
division of one another. These findings are consistent with 
previous single-cell experiments and the 'mitotic clock' 
hypothesis 15 but do not exclude other timing mechanisms. 

Whatever the timing mechanism, it is clear that oligoden- 
drocyte differentiation is associated with withdrawal from the 
cell cycle 4 * 5 ' 8 . The relationship between the two processes, 
however, is uncertain. The clock in the progenitor cell might 
primarily control the onset of oligodendrocyte differentiation, 
with the cessation of proliferation following as a consequence. 
Alternatively, the clock might primarily control the onset of 
unresponsiveness to PDGF, with oligodendrocyte differenti : 
ation following as a consequence of withdrawal from the cell 
cycle. We favour the second possibility as it would most simply 
explain why 0-2A progenitor cells differentiate prematurely 
when deprived of PDGF (see Table 2). 

Whereas oligodendrocyte differentiation seems to be the con- 
stitutive pathway of 0-2A progenitor cell development, which 
is automatically triggered when a progenitor cell is deprived of 
signals from other cells 17 or when the instrinsic timer reaches 
the appropriate point 7 - 15 , type-2 astrocyte differentiation seems 
to be induced by a protein signal that greatly increases in 
concentration in the optic nerve after the first postnatal week 18 . 
While the mechanisms that control the timing and direction of 
0-2A progenitor cell differentiation in vitro are beginning to 
emerge, it remains to show that the same mechanisms operate 
in vivo. 
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Fc receptors on phagocytic cells in the blood mediate binding and 
clearance of immune complexes, phagocytosis of antibody-opson- 
ized microorganisms, and potently trigger effector functions, 
including superoxide anion production and antibody-dependent 
cellular cytotoxicity, the Fc receptor type III (FcyR HI; CD 16), 
present in 135,000 sites per cell 1 on neutrophils and accounting 
for most of FcR in blood, unexpectedly has a phosphatidylinositol 
glycan (PIG) membrane anchor. Deficiency of Fey R III is observed 
in paroxysmal nocturnal haemoglobinuria (PNH), an acquired 
abnormality of haematopoietic cells 2 affecting PIG tail biosyn- 
thesis or attachment 3 , and Is probably responsible for circulating 
immune complexes 4 and susceptibility to bacterial infections 
associated with this disease 9 . Although a growing number of 
eukaryotic cell-surface proteins with PIG-tails are being 
described** 7 , none has thus far been implicated in receptor-medi- 
ated endocytosis or in triggering of cell-mediated killing. Our 
findings on the FcyR HI raise the question of how a PlG-tailed 



protein important in immune complex clearance in vivo and in 
antibody-dependent killing 10 mediates ligand internalization and 
cytotoxicity. Together with our results, previous functional studies 
on FcyR HI and FcyR H 1 112 suggest that these two receptors 
may cooperate and that the type of membrane anchor is an impor- 
tant mechanism whereby the functional capacity of surface recep- 
tors can be regulated. 

Three different types of FcyR have been distinguished in 
humans using monoclonal antibodies 13 (mAb). FcyR III 
(CD16) of relative molecular mass (Af f ) 50-70.000 (50-70K) is 
found on neutrophils, large granular lymphocytes, and 
macrophages, but not on monocytes. FcyR III was first identified 
with a mAb (3G8) that blocked immune complex binding to 
neutrophils 1 and subsequently with other mAb of the CD 16 
cluster* 4 . FcyR II (CDw32) is a 40K receptor on neutrophils, 
monocytes, eosinophils, platelets and B cells 13 . FcyR I is a 72K 
protein and is found on monocytes 13 . FcyR III and FcyR II 
have low affinity for monomelic IgG and thus preferentially 
bind immune complexes by multiple receptor-ligand interac- 
tions, whereas FcyR I is sufficiently high affinity to bind 
monomelic IgG. 

Our first evidence that FcyR III is anchored by PIG came 
from studies on leukocytes from patients with paroxysmal noc- 
turnal haemoglobinuria (PNH). PNH is an acquired defect of 
haematopoietic precursor cells in either the biosynthesis or the 
attachment of the PIG tail and may affect clonal progeny in the 
erythroid, monocytic, granulocytic, and thrombocytic 
lineages 213,16 . Previous studies on erythrocytes and leukocytes 
from PNH patients have demonstrated a selective deficiency of 
PIG-tailed proteins, including decay accelerating factor (DAF), 
acetylcholinesterase , alkaline phosphatase and the PIG- 
anchored form of lymphocyte function-associated antigen 3 
(LFA-3), (refs 3, 6 and 7). The deficiency of DAF accounts for 
susceptibility of erythrocytes to complement-mediated lysis in 
PNH. However none of these previously identified deficiencies 
can explain the occurrence of circulating immune complexes 
and the 20% and 50% of mortalities caused by bacterial infec- 
tions and thrombosis respectively 5 . 

Quantitation of FcyR III expression using immunofluores- 
cence flow cytometry show that it is markedly deficient on PNH 
neutrophils (Fig. la). This deficiency was found in all six 
patients studied (D.E., S.B., J.M., J.E., B.I., C.G-) and results 
with five different CD16 (FcyR III) mAb were identical. Some 
patients such as J.E. (Fig. In, curve 3) showed normal as well 
as deficient granulocyte clones. Patients showed consistent vari- 
ation in the extent of deficiency in the abnormal clone. The 
amount of FcyR III expression on affected cells ranged from 
2% (patient D.E.) to 19% (patient J.E.) averaging 7% of normal, 
perhaps reflecting the degree of penetrance of the acquired 
defect in PNH. In all cases, deficiency of FcyRIII paralleled 
deficiency of DAF. In contrast, deficient neutrophils expressed 
normal levels of HLA-A,B, LFA-1. Mac- 1 and FcyR II(CDw32) 
(Fig. la). PNH monocytes showed normal expression of FcyR I 
and II, although they were deficient in DAF (Fig. lb). These 
results suggested that the neutrophil FcyR III has a PIG tail, 
whereas the FcyR I and FcyR II do not. 

PIG-anchored proteins can be specifically cleaved from cell 
surfaces with phosphatidylinositol-specific phospholipase C 3 * 6 * 7 
(PIPLC). We therefore investigated the susceptibility of Fc 
receptors to PIPLC (Table 1). PIPLC released 75-84% of the 
cell surface FcyR III and DAF from healthy granulocytes, while 
FcyR II, HLA-A,B and LFA-1 were unaffected. On monocytes, 
PIPLC released 84% of DAF whereas it had no effect on 
FcyR II, FcyR I, HLA-A,B and LFA-1. Results with PIPLC 
prepared from 5. aureus and B. ihuringiensis were identical and 
show that FcyR III on neutrophils, but not FcyR II on the same 
cells or FcyR I and II on monocytes, have PIG anchors. Lack 
of a PIG anchor on FcyR II is consistent with the prediction 
(from cDNA sequence 17 ) that it possesses a transmembrane 
domain and a 76 residue hydrophilic cytoplasmic tail. 
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OLIGODENDROCYTE PROGENITOR CELLS 
OF T HE ADULT MAMMALIAN B RAIN 

Neural Progenitor Cells of the Adult Brain 

Over the past few decades, historic notions of the structural immutability and cellular 
constancy of the adult vertebrate brain have been largely dispelled. Neurogenesis was first 
demonstrated in the rodent olfactory bulb and the hippocampus (Altaian and Das, 1965, 
1966; Kaplan and Hinds, 1977; Kaplan, 1985) and the songbird vocal control centers 
(Goldman and Nottebohm, 1983; Nottebohm, 1985). The phenomenon of adult neuro- 
genesis has now been described throughout vertebrate phylogeny (Goldman, 1998), in- 
cluding monkeys (Gould et aL 9 1998) and humans (Eriksson etal., 1998; Kirschenbaum et 
dL 7 1994; Pincus et aL, 1998). In ail species yet examined, newly generated neurons seem to 
be generated from multipotential stem cells, the principal source of which appears to be the 
periventricular subependyma (SVZ) (Goldman et aL, 1993; Lois and Alvarez-Buylla, 
1993). In addition, restricted pools of mitotically competent but phenotypically biased 
neuronal progenitor cells appear to derive from these stem cell populations. These neu- 
ronally restricted pools include the anterior subventricular zone of the forebrain and its 
rostral extension through the olfactory subependyma, as well as the subgranular zone of 
the hippocampus, each of which give rise almost exclusively to neurons in vivo. However, 
persistent multipotential stem cells have been reported in cultures derived from each of 
these regions (Gage et al., 1998), suggesting that the apparent neuronal restriction of these 
progenitor populations may reflect not the inherent lineage capacity of the cells, so much as 
local environmental signals biasing toward neuronal differentiation (Seabere and van der 
Kooy, 2002). 

Besides these persistent neuronal progenitors and multipotential neural stem cells, 
more restricted lineages of glial progenitor cells also persist in the adult brain, in both 
the residual ventricular zone (Levison and Goldman, 1993; Luskin, 1993), as well as 
dispersed throughout the subcortical and cortical parenchyma (Gensert and Goldman, 
1996; Levine et a/., 2001; Noble, 199 ; Reynolds and Hardy, 1997). Indeed, in contrast to 
the restricted distribution of neuronal progenitor cells and SVZ stem cells, oligodendrocyte 
progenitor cells (OPCs) seem to be extraordinarily widespread in the adult mammalian 
brain. 
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Oligodendrocyte Progenitors of the Normal Adult Rodent Brain 

The principal class of OPCs in adult rodents is a bipotenuaT astrocyte-oligodendrocyte 
progenitor cell designated the 0-2A progenitor, by virtue of its generation in vitro of 
oligodendrocytes and type 2 astrocytes, the latter comprising the traditionally recognized 
fibrous astrocytes of the white matter. These cells were initially isolated from the optic 
nerves of perinatal rats, as 0-2A progenitors (Raff et aL, 1983b). In neonatal rats, OPCs are 
characterized by expression of the GD3 and GQ gangliosides, the latter recognized by the 
monoclonal antibody A2B5, which has been used to identify this cell population (Noble et 
aL, 1992). Though similar progenitors were long ago reported in the adult optic nerve 
(Vaughn, 1969), the isolation of adult OPCs, or 0-2A Adtdt progenitors, was only accom- 
plished relatively recently in rodents (Ffrench-Constant and Raff, 1986; Wolswijk and 
Noble, 1989); These cells have since been isolated from the adult rat ventricular zone, 
spinal cord, cerebellum, and subcortical white matter (Engel and Wolswijk, 1996; Gensert 
and Goldman, 1996; Levine et aL, 1993). 

Antigenic Recognition of Adult OPCs 

Little is known about the natural history of the adult OPC in normal adults. In histological 
sections of the adult rodent brain, OPCs have mainly been identified by their expression of 
both NG2 chondroitin sulfate proteoglycan (Levine et aL, 1993; Nishiyama et aL, 1997) 
and the platelet derived growth factor-alpha receptor (PDGF-aR). The expression of 
PDGF-aR and the NG2 epitope substantially overlaps in rats (Nishiyama et aL, 1996; 
Pringle et aL, 1992). Moreover, a persistent population of 04/NG2 co-expressing cells has 
been demonstrated in the adult rat cerebral cortex, effectively bridging the antigenic gap 
between early and committed OPCs (Reynolds and Hardy ^ 1997). On the basis of these 
studies, NG2-immunoreactivity has been developed as a surrogate marker for parenchy- 
mal oligodendrocyte progenitor cells. In addition, adult-derived OPCs have several fea- 
tures that may allow them to be distinguished: Whereas the perinatal OPC utilizes vimentin 
as an intemediate filament and does not express the oligodendrocyte sulfatide recognized 
by Mab 04, its adult counterpart does not express vimentin, but does express 04 (Shi et aL, 
1998; Wolswijk and Noble, 1989; Wolswijk et aL, 1991). These parenchymal OPCs are 
present in both gray and white matter, and exist in vivo as extensively branched cells. The 
NG2 population represents as many as 5-8% of all the cells in the adult rodent brain 
(Dawson et aL, 2000); this is congruent with earlier estimates that 5% of all glia in the optic 
nerve may be progenitors (Vaughn and Peters^ 1968). 

Turnover 

OPCs in the adult brain may include both slowly dividing cells in normal parenchyma and 
a quiescent cell population that responds only to injury or demyelination In vivo studies of 
the adult cerebellar cortex reveal the presence of slowly dividing OPCs with a mitotic index 
of 0.2 to > 0.3% (Levine et aL, 1993). Nevertheless, OPCs seem to constitute the main cycling 
population of the adult brain parenchyma. Bromodeoxyuridine (BrdU) labeling of the 
intact spinal cords of 13- to 14- week-old rats has shown that 10% of all cells in the white 
matter incorporated BrdU, of which 70% expressed NG2. In animals maintained for 
4 weeks after BrdU injection, BrdU-iabeled astrocytes and oligodendrocytes were noted, 
indicating that the cycling NG2 ceDs would have generated both cell types (Horner et aL, 
2000). In studies using retroviral labeling to mark dividing cells, 35% of the cycling cells in 
the adult cortex co-labeled with NG2, and these were distinctly present as clusters. 
Furthermore, these NG2-p6sitive clusters doubled in size every 3 months (Levison et aL, 
1999). Using similar retroviral labeling techniques, the presence of cycling cells that 
preferentially give rise to oligodendrocytes has been shown in both the subventricular 
zone (SVZ) and subcortical white matter of adult rats (Gensert and Goldman, 1996; 
Levison and Goldman, 1993). 

Lineage Potential 

Previous studies had concluded that the perinatal OPC has a limited life span in vivo, which 
was attributed to a pattern of "exhaustive^ symmetrical division and differentiation in 
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oligodendrocytes (Temple and Raff, 1986). Yet OPCs now appear to be maintained 
throughput life. This suggests that at least a fraction of OPCs may arise through a self- 
renewing, asymmetrical divisions, such that OPCs generate both differentiated progeny 
and themselves (Wren et aL, 1992). Indeed, adult OPCs of both rodents and humans retain 
their ability to generate oligodendrocytes and astrocytes over several generations in vitro 
(Tang et aL, 2000). 

It seems likely that perinatal OPCs are the source of adult OPCs. Using time-lapse 
microcinematography, it has been shown that "founder cells' * exhibiting properties of 
perinatal OPCs eventually give rise to ceils with the properties of adult OPCs (Wren et 
aL, 1992). As noted, just as repetitive passage of perinatal OPCs gives rise to cells with 
adult OPC-like properties (Wolswijk et aL, 1990), slowly dividing adult OPCs can respond 
to FGF and PDGF by assuming the more rapid expansion kinetics typical of perinatal 
OPCs. Together, these data argue that perinatal and adult OPCs constitute two points 
along the differentiation spectrum of a common lineage. Nonetheless, diversification 
within that lineage may nonetheless have resulted in substantial phenotypic heterogeneity 
among adult OPCs (Gensert and Goldman, 2001). 

Humoral Control of OUgoneogenesis 

Adult and perinatal OPCs share many commonalities in their responses to humoral growth 
factors, but nonetheless exhibit differential responses to both neural mitogens and differ- 
entiation agents. These include, but are by no means limited to, the following: 

L Platelet derived growth factor. PDGF is perhaps the most prominent described 
oligotrophin and has been implicated in both the mitotic expansion of OPCs arid their 
initiation of terminal lineage commitment (Hart et aL, 1989a; Noble et aL, 1988; Raffe/ aL, 
1988; Wolswijk et aL, 1991). OPCs uniquely express high levels of PDGFce receptor, and 
can be specifically identified onthat basis (Ellison and de Vellis, 1994; Fruttiger et aL, 1999; 
Hart et aL, 1 989b). In response to PDGF, both perinatal and adult OPCs enter the mitotic 
cycle. However, cycling time differs in the two cell populations, in that adult OPCs 
have a slow, 3- to 4-day cell cycle, whereas perinatal OPCs divide daily (Noble et aL, 
1988); (Wolswijk et aL, 1991). In OPCs derived from the adult spinal cord, PDGF 
alone supports the slow mitotic expansion of OPCs, as the cells divide slowly 
and undergo asymmetrical division, generating a differentiated oligodendrocyte and 
another progenitor (Engel and Wolswijk, 1996). However, in the presence of PDGF and 
FGF, adult OPCs accelerate their cycle progression, dividing rapidly and apparently 
symmetrically to yield additional progenitors. They then assume the bipolar morphology 
and A2B5 irnmunoreactivity of oligodendrocyte progenitor cells, but fail to generate 
oligodendrocytes without downstream inductive differentiation. As a corollary to this 
"perinataJization" of adult-derived OPCs, cultures of perinatal OPCs expanded over 
long periods of time in the presence of PDGF alone develop the cyclicity of adult OPCs 
(Tang et aL, 2000). These results suggest that in rodents at least, perinatal and adult- 
derived OPCs represent points on a continuum of differentiative state, rather than discrete 
phenotypes 

2. Fibroblast growth factor. FGF differentially regulates OPC proliferation and differ- 
entiation in culture and modulates gene expression of its own receptors in a developmental 
and receptor type-specific manner (Bansai et aL, 1996). Most in vitro studies show that 
bFGF is a major mitogen for cells in the oligodendrocyte lineage (Besnard et aL, 1989; 
Eisenbarth et aL, 1979). It has been shown to stimulate the proliferation of late progenitors 
and inhibit their terminal differentiation (Bansai and Pfeiffer, 1994; McKinnon et aL, 
1990). More important, it establishes the responsiveness to PDGF by up-regulating the 
expression of PDGF-oR (McKinnon et aL, 1990). Most studies with adult OPCs show that 
bFGF is most mitogenic when used in combination with PDGF (Mason and Goldman, 
2002; Tang et aL, 2000). Recently it has been shown that OPCs maintained in the presence 
of bFGF eventually become resistant to replicative senescence (Tang et aL, 2001). Besides 
its well-documented effect on OPCs, bFGF also induces the down-regulation of myelin 
genes, such as myelin basic protein (MBP), in mature oligodendrocytes without reverting 
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them to the progenitor phenotype or effecting reentry into the cell cycle (Bansal and 
Pfeiffer, 1997; Grinspan aL, 1993). 

3. Neurdtrbphin-3 (NT3). Whether NT3 has proliferative or differentiative. effect on 
OPCs is yet unresolved. One study indicated that NT3, specifically in combination with 
PDGF, is proliferative for post-natal OPGs both in vitro and in vivo (Barres et aL, 1994b). 
Other studies, however, found that NT3 is not proliferative for adult OPCs alone or in 
combination with PDGF and bFGF (Engel and Wolswijk, 1996; Ibarrola et aL, 1996). 
Perhaps this differential response may be a function of the different OPC-types that have 
been used for the two studies. In the contused adult spinal cord, NT3 has been shown to 
increase OPC proliferation and myelination (McTigue et aL, 1998). A recent in vitro study 
with OPCs from adult spinal cord dissociates indicates that NT3 induced myelination and 
the proliferation of O4+/01-cells (Yan and Wood, 2000). 

4. Neuregulin. The neuregulins are a family of soluble and transmembrane protein 
isoforms, of which glial growth factor 2 (GGF2) is a member (Adlkofer, 2000). 
The neuregulins act upon erbB receptors, in particular on the erbB2, 3, and 4 heterodimeric 
receptors (Buonanno and Fischbach, 2001). Perinatal OPCs divide in response to GGF 
provided cAMP levels are high, so that aderiyl cyclasae and erbB stimulation may operate 
synergistically, as glial progenitor mitogens (Shi et aL, 1998). Canoll et al. observed a 
similar proliferative effect on 04" t 701 r ~ progenitors (Canoll et aL, 1996). Adult OPCs 
respond to GGF2 as well, although their mitogenic activation by GGF2 appears to require 
the concurrent activation of the PDGF receptor, along with elevated cAMP. An interesting 
feature of neuregulins includes their induction of phenotypic reversion by differentiated 
oligodendrocytes (Canoll et aL, 1999). OPCs produce neuregulins (Raabe et al., 1997) as 
well as respond to it (Shi et al., 1998). Since they express full-length neuregulin erbB 
receptors, OPCs may utilize neuregulins as an autocrine factor, as well as a neuronally 
derived oligotrophin (Fernandez et aL, 2000). This is likely to obtain in the environment of 
the adult human white matter, from which oligodendrocytes have similarly been shown to 
produce neuregulins and express receptors to them (Cannella et al, 1999; Deadwyler et aL, 
2000). 

5. Triiodothyronine. When OPCs derived from optic nerves or cerebral hemispheres are 
cultured in the presence of T3, they immediately stop dividing and differentiate into 
ohgodendrpcytes. In fact, the number of times an OPC can divide varies inversely with 
its concentration of T3, implicating T3 as an oligodendrocyte differentiation factor (Baas 
et aL, 1997). T3 seems to play a major role in controlling the timing of OPC differentiation 
(Barres et aL, 1994a). Accordingly, hypothyroid states have been associated with deficits in 
early myelination in neonatal cretinism, which may reflect a failure in T3-mediated OPC 
expansion. 

6. Insulin growth factor- J (IGF-1). During development, high levels of IGF 1 are ob- 
served just before active myelination commences (Bach ei aL, 1991; Carson et aL, 1993). 
IGF-1 increases proliferation and survival, enhance differentiation, and modulate the 
expression of MBP in both OPCs and oligodendrocytes (Barres aL, 1992; McMorris 
and Dubois-Dalcq, 1988; Saneto et aL, 1988). 

Oligodendrocyte Progenitors of the Adult Human Brain 

The earliest evidence that the adult human brain harbors oligodendrocyte progenitors 
came from early studies of MS lesions. Histopathologically, these lesions were found to 
harbor regions of extensively remyelinated axons, as well as numerous free oligodendro- 
cytes (Moore et aL, 1985; Prineas and Connell, 1979; Prineas et aL, 1984). Subsequent 
studies identified populations of immature cells expressing the neural carbohydrate epitope 
HNK1; these were postulated to comprise early oligodendroglia, although these early 
studies were unable to identify any definitive oligodendrocyte progenitor cell phenotype 
(Prineas et aL, 1989; Wu and Raine, 1992). 

PDGF-otR expressing OPCs have been shown in both MS lesions and surrounding 
normal white matter (Scolding et aL, 1998). These PDGF-aR + cells were found to be more 



OLIGODENDROCYTE PROGENITOR CELLS OF THE ADULT MAMMALIAN BRAIN 



263 



frequent in or near MS lesions compared to normal surrounding white matter (WM), and 
those near lesions were more often cycling, as revealed by immunoreactivity for KJ67 a 
marker of proliferation (Maeda et aL, 2001 ). Corroborating these observations with another 
marker of phenotype, the NG2 chondroitin sulfate proteoglycan was demonstrated in both 
normal adult human WM and MS lesions. As in their rodent counterparts, human NG2 + 
cells were found to be extensively ramified. Cells morphologically similar to NG2 + cells 
were reported to express PDGF-otR as well, although co-expression of the two by a 
common phenotype has yet to be directly demonstrated. 

Premyelinating oligodendrocytes— defined by their expression of proteolipid protein 
(PLP), and their contiguity with axons despite an absence of attendant ensheathment— 
have also been shown in such MS lesions (Changer aL, 2002). Interestingly, NG2 + cells are 
virtually absent from lesions lacking premyelinating oligodendrocytes. This suggests that 
NG2 cells might be the source of these premyelinating oligodendrocytes. However, the 
NG2 chondroitin sulfate may not be specific to OPCs in the adult human brain, as 
microglial cells express or sequester high levels of NG2-IR (Pouly et aL, 1999; also 
Nunes, Roy, and Goldman, unpublished observations). Indeed, in dissociates of both 
fetal and adult human brain tissue, most NG2^ cells were microglial (Pouly et aL, 1999). 
To establish a more reliable marker of OPCs in adult human tissues, Scolding et aL thus 
assessed the phenotypic specificity of two cardinal markers of OPC phenotype in rodents, 
specifically the PDGF-ot receptor and the A2B5 epitope represented by the GQ ganglioside! 
By scoring the incidence of both PDGF-ocR + and A2B5 + cells in tissue print preparations 
of adult human white matter, Scolding and colleagues determined that these markers 
recognize a common parenchymal progenitor cell population. On this basis, they were 
able to report the first estimates of the incidence of oligodendrocyte progenitor cells in the 
human white matter (Scolding et aL, 1999). 

Despite this wealth of histological assessment of parenchymal progenitor cells, relatively 
few studies have yet correlated the antigenic expression patterns of single parenchymal 
phenotypes with their lineage potential, either in vivo or in vitro. As a result, it remains 
unclear if the expression of markers such as GD3, NG2, A2B5, or PDGF-ctR is specific to 
adult OPCs, or whether it instead is shared among different, already discrete lineages at 
similarly early points in their phenotypic specification. The uncertain lineage potential of 
histologically antigen-defined oligodendrocyte progenitor cells has derived in part from an 
historic inability to identify or isolate these cells from human brain tissues. An early 
attempt to identify oligodendrocyte progenitors in dissociates of adult human brain 
(Kim et aL, 1983) was followed by successful in vitro and in vivo demonstrations of 
: immature oligodendroglia, which were termed pro-oligodendrocytes because of their 
post-mi totic state. These cells were defined as being 04' f -/A2B5*/GalCr (Armstrong et aL, 
1992). Pro-oligodendrocytes were further characterized and found to express the PDGF- 
otR in tissue, where they were estimated to constitute 2% of the total cell population 
(Gogate et aL, 1994). Subsequent studies of the adult human white matter in vitro revealed 
the presence of mitotic cells that could give rise to oligodendrocytes, though the identity of 
the precursor remained unclear (Roy et al., 1999; Scolding et al., 1995);. 

Humoral Control of Adult Human Oligodendrocyte Progenitor Cells 

Human and rodent OPCs differ not only in their antigenic expression patterns, as noted, 
but also as in their responses to humoral growth factors. Adult human OPCs do not 
proliferate in response to bFGF, PDGF, or IGF-1, each of which can act singly as a 
mitogen for rodent OPCs (Armstrong et aL, 1992; Gogate et al, 1994; Prabhakar et aL, 
1 995). Instead, in human OPCs, IGF- 1 has been shown to increase the proportion of post- 
mitotic pro-oligodendrocytes and to promote the maturation of these cells as oligodendro- 
cytes (Armstrong et aL, 1992). Human OPCs also seem to be rnitotically unresponsive to 
astrocyte conditioned medium (Armstrong et aL, 1992; Gogate et aL, 1994; Prabhakar et 
aL, 1995; Scolding et aL, 1995). As noted previously, neuregulin supports the expansion of 
OPCs and is released by neurons in an activity-dependent manner that might allow the 
activity-dependent modulation of OPC expansion (Canoll et aL, 1996). However, these 
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observations have yet to be verified as operative in human OPCs. Indeed, little data are 
available on the factor responsiveness of human OPCs, despite the overt clinical import- 
ance of establishing the optimal expansion and differentiation conditions for these cells. 
Rather, the study of their growth factor responsiveness, patterns of receptor expression; 
and likely paracrine interactions with other parenchymal cell populations have been 
impeded by the inability to identify and isolate OPCs. from the adult human brain, and 
hence the lack of material for molecular and cellular analysis- 
Isolation of Adult Human Oligodendrocyte Progenitor Cells 

To address the need for isolating enriched populations of adult OPCs, we used promoter- 
specified fluorescent activated cell sorting (FACS) to identify and extract these cells from 
adult human brain tissue. Traditionally, FACS has been used to sort live cells on the basis 
of surface antigen expression, particularly in the hematopoetic system, in which FACS has 
been used to define and isolate the major stem cell and intermediate progenitor phenotypes 
generated during lymphopoesis and hematopoiesis. However, the application of FACS to 
the nervous system was stymied by the lack of identified surface antigens specific to stage 
or phenotype among neural cells. Yet in 1994, the green fluorescence protein was first 
identified as a live cell reporter of gene expression (Chalfie et al, 1994). By placing GFP 
under the transcriptional control of promoters regulating the expression of cell-specific 
genes, we were able target specific cell phenotypes for FACS isolation. We first applied this 
approach to extracting neuronal progenitor cells from the fetal ventricular zone (Wang et 
al, 1998), by transducing ventricular zone cells with GFP placed under the control of the 
Tocl tubulin promoter, an early neuronal regulatory sequence (Gloster et al, 1994; Miller 
et al., 1987, 1989). This approach has since allowed us to isolate neuronal progenitor cells 
from both the adult human ventricular zone (VZ) and hippocampus (Roy et al, 2000a, 
2000b). In addition, by modifying our choice of promoters to those specifically active in 
even earlier neural progenitors, we were able to isolate less committed neural stem cells 
from both the adult and fetal human brain (Keyoung et aL, 2001; Roy et ah, 2000a, 2000b). 

The development of promoter-based FACS gave use the means to identify and then 
isolate oligodendrocyte progenitor cells from the adult human brain (Fig. 10.1). To this 
end, we used the early promoter for an early oligodendrocyte protein, 2', 3'-cyclic nucleotide 
3'-phosphodiesterase (CNP) (Scherer et al, 1994; Vogel and Thompson, 1988). CNP 
protein is the earliest myelin-associated protein known to be . expressed in developing 
oligodendrocytes. It is expressed by oligodendrocytes at all ontogenetic stages (Sprinkle, 
1989; Weissbarth era/., 1981), including by newly generated cells of oligodendrocyte 
lineage within the subventricular zone and their mitotic precursors (Scherer et at., 1994; 
Yu et al,, 1994). The 5' regulatory region of the CNP gene includes two distinct promo ters[ 
P2 and PI, which encode for two CNP isoforms, CNP1 (46kDA) and CNP2 (48 kDa). 
These promoters are sequentially activated during development, with the more upstream 
P2 promoter (P/CNP2) directing transcription to immature oligodendrocytes and their 
progenitors (Gravel et al. 9 1998; O'Neill et aL, 1997). On this basis, P/CNP2 was chosen to 
identify oligodendrocyte progenitors from adult human subcortical white matter (Roy et 
al, 1999). P/CNP2:hGFP was transfected into dissociate of adult human white matter, and 
following GFP expression 3 to 4 days later, the P/CNP2:GFP + cells were isolated by FACS 
(Roy et al, 1999). These cells, maintained in serum-deficient media supplemented with 
FGF2, PDGF, and NT-3, were bipolar, immunoreactive for A2B5, incorporated 
BrdU from their culture media, and developed into 04 + oligodendrocytic in vitro 
(Fig. 10.2). These data indicated that the P/CNP2:hGFP-defined cells were mitotic oligo- 
dendrocyte progenitors. On this basis, P/CNP2:hGFP**~ oligodendrocyte progenitors were 
extracted directly from adult human WM dissociates using FACS. We found that an 
average of 0.5 ± 0.1% of all white matter cells directed P/CNP2:hGFP expression. 
Given a transfection efficiency of 13.5%, determined using the percentage of GFP express- 
ing cells obtained with p/CMV:GFP for noncell type specific transfection, it could be 
estimated that over 4% of adult human subcortical WM are P/CNP2 -defined progenitors. 
Immediately after FACS, these P/CNP2:hGFP-separated cells were initially bipolar, and 
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FIGURE 10.1 

Oligodendrocyte progenitorcells may be specifically targeted and isolated from the white matter. This schematic 
outlines basic strategies for isolating oligodendrocyte progenitor cells from the adult white matter," using either 
fluorescence-activated cell sorting (FACS) or a higher-yield, less specific alternative immunomagnetic isolation 
(MACS). 



expressed the early oligodendrocyte marker A2B5, but none of the differentiated markers 
04, Ol, or galactocerebroside; over half incorporated BrdU. When followed up to a 
month in culture, >80% of the PCNP2:hGFT^ cells become oligodendrocytes, progressing 
through a succession of A2B5, 04, and galactocerebroside expression, recapitulating toe 
developmental sequence of antigenic expression (Noble, 1997). Thus, with this strategy not 
only was the existence of oligodendrocyte progenitors established in adult human white 
matter, but a method was developed to separate the progenitors in a form appropriate for 
engraftment and further analysis. 
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FIGURE 10.2 ; 

Sorted human white matter progenitor cells typically mature as oligodendrocytes. (A-B) A representative sort of a 
human white matter sample, derived from the frontal lobe of a 42-year-old woman during repair of an intracranial 
aneurysm. This plot shows 50,000 cells (sorting events) with their GFP fluorescence intensity plotted against 
forward scatter (a measure of cell size). Part A indicates the sort obtained from a nonfluorescent P/hCNP2:&cZ- 
transfected control, while part B indicates the corresponding result from a matched culture transfected with P/ 
hCNP2:hGFP. (C-D) A bipolar A2B5*/^rdU + ceil, 48 hours after FACS. (E-F) By 3 weeks post-FACS, P/ 
CNP2:hGFP-sorted cells developed multipolar morphologies and expressed oligodendrocytic 04 (red). These cells 
often incorporated BrdU, indicating their in viiro origin from replicating A2B5 + cells. (G-I) Matched phase (G, I) 
and immunofluorescent CH, J j images of maturing oligodendrocytes, 4 weeks after P/CNP2:hGFP-based FACS. 
These cells expressed both CNP protein (H) and galactocerebroside (J), indicating their maturation as oligo- 
dendrocytes. Scale bar = 20 um. Taken from Roy et ai. y 1999; with permission. 



Antigenicity of Oligodendrocyte Precursor Cells 

As described earlier, virtually all P/CNP2:hGP-defined OPCs are immunoreactive for A2B5 
(Roy et aL, 1999). This permitted us to use A2B5-based sorting to increase the yield of 
isolated progenitors, to numbers sufficient for experimental transplantation. Although both 
immature neurons and glia express A2B5-immunoreactivity during development (Aloisi et 
al., 1992; Eisenbarth et al. t 1979; Lee et al. t 1992), the adult subcortical parenchyma is 
relatively devoid of young neurons, allowing A2B5 to be used as a selective marker of glial 
and oligodendrocyte progenitor cells (Raff .ef a/., 1983a; Satoh et ai, 1996; Scolding et aL, 
1999). The specific use of A2B5 as an antigenic surrogate for P/CNP2:hGFP-defined OPCs 
has thus constituted a significant practical advance. By extracting OPCs via A2B5-based 
surface-antigen based sorting, the limitations of transfection-based tagging, which include 
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direct cytotoxicity as well as low efficiency, can be avoided entirely. As a result the practical 
. issue of acquiring sufficient numbers of viable OPCs to permit transcriptional and biochem- 
ical analysis, as well as engraftment studies, can now be effectively addressed/ * 

Multtpotential Progenitors of the Adult Human White Matter 

Like , their lower species counterparts, human OPCs may not be strictly dedicated or 
autonomously programmed to oligodendrocytic differentiation. When purified from 
adult human subcortical tissue, derived from /surgically resected temporal lobe white 
matter progenitor cells (WMPCs) give rise largely to oligodendrocytes. However when 
grpwn under conditions of very low density, we noted that these cells also generate 
occasional neurons (Roy et al, 1999). On this basis, we asked whether the white matter 
progenitor cells of the adult human brain might actually constitute a type of multipotential 
neural progenitor or neural stem cell. We found that white matter progenitor cells, purified 
by FACS from the adult human brain, can indeed generate neurons as well as both major 
glial cell types— astrocytes and oligodendrocytes— when raised in culture under conditions 
of high purity and low density (Nunes et 2003). Under these conditions, the cells are 
effectively removed from other cells, as well as from the proteins that other cells may 
secrete. Under these conditions, the sorted; progenitor cells divide and expand as multi- 
potential clones that generate neurons as readily as oligodendrocytes (Fig. 1 0.3). They can 
continue to divide and expand for several months in culture, dividing to increase their 
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FIGURE 10.3 

Adult human WMPCs give rise to multipotential newospberes. (A) First-passage spheres generated from A2B5- 
sorted cells 2 weeks post-sort, (B) First-passage spheres arising from P/CNP2:hGFP sorted cells 2 weeks 
(Q Second-passage sphere derived from an A2B5-sorted sample, at 3 weeks. (D) Once plated onto substrate the 
primary spheres differentiated as pill- tubulin^" neurons (red), GFAPT astrocytes (blue), and 04+ oligodendrocytes 

J^£^T*Tf^*' (F - H) ^ U ^corporation (blue) revealed that new neurons (F:Wtubuiin in red* 
G: MAP2 in red) and oligodendrocytes (H: 04 in green) were both generated in vitro, (i) {HIMubulin* neurons" 

^T^f ^ IieU - ° nai HU Pr ° tein (Barami et al - 1995; Ma ™sich a 1994) (red, yielding; yellow double- 
label). Nuclei counterstamed with DAPT (blue). From Nunes et al (2003). Scale: A-E 100 unr F-I ?4 urn 
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numbers in the process. Moreover, upon xenograft to the developing fetal rat forebrain, 
adult human WMPCs can mature into neurons as well as oligodendrocytes and astrocytes 
in vivo, in a region- and context-dependent manner (Fig. 10.4). Hie nominally, glial 
progenitor cell of the adult human white matter thus appears to constitute a multipotential 
neural progenitor. These cells appear to be typically restricted by their local brain environ- 
ment to produce only oligodendrocytes and some astrocytes, in response to local environ- 
mental signals whose identities remain to be established. But when removed from the 




FIGURE 10.4 • 

WMPCs engrafted into fetal rats gave rise to neurons arid glia in a site-specific manner. Sections from a rat brain 
implanted at El 7 with A2B5-soned WMPCs and sacrificed a month after birth. These cells were maintained in 
culture for 10 days prior to implant. (A-B) Nesting (red) progenitors and dbublecortm* (red) migrants, respect- 
ively, each co-expressing human nuclear antigen (hNA, green) in the hippocampal alvius. (Q CNP" 1 " oligodendro- 
cytes (red) that were found exclusively in the corpus callosum. (D) A low-power image of GFAP + (green, stained 
with anti-human GFAP) astrocytes along the ventricular wall. ''(E) £III-tubulin + (green VhNA H " (red) neurons 
migrating in a chain in the hippocampal alvius. (F) pIII-tubulin + and MAP2 + (inset in part F) neurons in the 
striatum, adjacent to the RMS (antigens in green; hNA in red; yellow: double-stained human nuclei). (G) An Hu"7 
hNA" neuron in the septum. (H) An hNA + (green)/GAD-67 + (red) striatal neuron. Insets in each figure show 
orthogonal projections of a high-power confocal image of the identified cell (arrow). From Nuncs et al. (2003). 
Scale: A-E, 40 um; F-H, 20um. 
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environment of the brain and from other brain cells, these ceils proceed to make all brain 
cell types, including neurons and glia, and remain able to do so for long periods of time in 
culture. 

This observation has precedent in lower species. Progenitor cells capable of giving rise 
to multiple lineages, including oligodendrocytes and neurons, have been consistently 
derived from the cortical and subcortical parenchyma as well as from the ventricular 
zone of embryos (Davis and Temple, 1994; Qian et aL, 1997; Williams et aL, 1991). Similar 
multipotential progenitors have shown to exist in early postnatal rat cortex (Marmur et aL 9 
1998). A more recent study suggested that postnatal rat optic nerve derived 0-2A progeni- 
tor cells could be Preprogrammed" to multipotential stem cells capable of generating 
neurons (Kondo and Raff, 2000). This was achieved by sequential exposure of 0-2A 
progenitors to serum to induce astrocytic differentiation, followed by their expansion in 
the presence of bFGF in serum-free conditions. Constant mitogenic stimulation of adult 
rat forebrain parenchymal cells with FGF2 has been shown to result in the generation of 
neurons as well as astrocytes and oligodendrocytes (Palmer etaL y 1995; Richards et aL 9 
1992). Together, these observations of the multilineage potential of CNS glial progenitors 
suggest that the apparent Uneage commitment of progenitors might depend on epigenetic 
factors. As a result, the nominally glial progenitors of the adult white matter may retain far 
more lineage plasticity and competence than traditionally appreciated. Adult subcortical PA 
CNP2:hGFP" h progenitors, though competent to generate multiple cell types, may there- 
fore be restricted to the oligpdendrocytic lineage by virtue of the epigenetic bias imparted 
by their environment before their isolation. 

A corollary of the environmental restriction of WMPC phenotype is that other, non- 
white-matter-derived neural progenitors might similarly restrict to oligodendrocytic lin- 
eage when presented to the environment of the adult white matter. Indeed, several groups 
have reported that EGF-expanded murine neural stem cells differentiate as oligodendro- 
cytes upon xenograft (Mitome et aL, 2001); remarkably, in none of these models were 
substantial numbers of oligodendrocytes generated in vitro. Similarly, v-myc transformed 
neural stem cells transplanted to perinatal mice can differentiate as oligodendrocytes once 
recruited to the white matter (Yandava etaL, 1999), but not otherwise, and never in vitro. 

The Distribution and Heterogeneity of White Matter Progenitor Cells 

The persistence and sheer abundance ofWMPCs in the adult human brain is striking: Over 
3% of the white matter cell population may be sorted on the basis of CNP2:GFP-based 
FACS, and oyer half of these cells are mitotically active upon isolation (Roy et aL, 199*)). 
That being said, the extent to which this parenchymal progenitor cell population is 
homogeneous remains unclear; by limiting dilution analysis, only 0.2% of its ceUs are 
multipotential (Nunes et aL, 2003). Nonetheless, the very existence of multipotential 
progenitors scattered throughout the white matter parenchyma forces us to reconsider 
our understanding of both the nature and incidence of neural' stem cells in the adult brain 
and challenges our conception of the supposed rarity of adult neural progenitor and stem . 
cells. In doing so, they point to an abundant and widespread source of cells, which may be 
used both as a target for pharmacological induction and as a cell type appropriate for 
therapeutic engraftment to the diseased adult brain. 

THERAPEUTIC POTENTIAL OF HUMAN OLIGODENDROCYTE 
PROGENITOR CELLS 



The Natural History of Remyelination in the Adult CNS 

The existence of active remyelination in the adult human brain has been mainly derived from 
observations of MS lesions. However, it has been unclear whether that remyelination has 
been the result of local expansion of parenchymal OPCs or of the recruitment of distant 
OPCs to sites of acute demyelination. Moreover, the source and in resting phenotype of the 
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remyelinating cells has been unclear. To address these questions, Gensert and Goldman 
(1997) used a combination of retroviral labeling and lysolecithin-induced demyelination to 
show that normally cycling cells of the adult rodent WM.can differentiate as myelinating 
oligodendrocytes (Gensert and Goldman, 1 997). Interestingly, before the endogenous OPCs 
participated in remyelination, they proliferated locally. Similarly, mice infected with a 
demyelinating murine hepatitis virus exhibited almost a 14-fold increase in PDGF-aR + 
OPCs in the lesion bed (Red wine and Armstrong, 1998). Other studies using rats with EAE 
or ethidium bromide lesions have shown that after remyelination, OPC numbers were stable 
(Levine and Reynolds, 1999). This in turn suggested that OPCs can undergo asymmetric 
division to replicate themselves while generating a differentiating oligodendrocyte. 

There appears to be limited survival of OPCs in demyelinated lesions; as a result, most 
remyelination may be accomplished by unaffected OPCs recruited from the lesion sur- 
round. Carroll et al have shown that OPCs in regions adjacent to immunolytic lesions first 
respond by dividing* followed by their migration into the lesion, and ultimate myelinogen- 
esis (Carroll et al, 1998). Similar observations were made in the demyelinated adult spinal 
cord, where the population of NG2 + cells expanded significantly in areas adjacent to 
demyelinating lesions. In this case though, the proliferating pool appeared unable to 
sustain its self-renewal, as NG2 + cells were depleted following remyelination (Keirstead 
et aL, 1998). Using X-irradiation, Chari and Blakemore (2002) reported that locally 
recruited NG2" 1 " and PDGF-ot R + OPCs can repopulate depleted areas over distances of 
approximately 0.5 mm per week in the first month. No secondary progenitor loss was 
observed in those surround regions from which progenitor cells were recruited, indicating 
dynamic replacement of the emigrants (Chari and Blakemore, 2002). However, the ques- 
tion of how far the progenitor population can migrate in intact tissue remains debatable, 
an issue of particular concern for remyelination strategies involving transplantation 
(Franklin and Blakemore, 1997). Complicating matters further, recent studies have 
reported an age-related decrease both in recruitment of OPCs and in their subsequent 
differentiation (Sim et al, 2002). 

Candidate Cellular Vectors for Experimental Remyelination 
via Progenitor Implantation 

Progenitor cells capable of local cell genesis therefore persist throughout the subcortical 
white matter of the adult brain, where they might constitute a, potential substrate for 
cellular replacement and local repair. However, several criteria must be considered when 
evaluated the transplantation potential of any progenitors. These include the ability of 
transplanted cells to survive in the host environment, to migrate accurately to the target 
lesion or tissue type, to generate myelin, to ensheath host axons, and to achieve a degree of 
myelination capable of functional reconstitution. To assess the myelinogenic potential of 
transplanted cells, a variety of cell types including multipotential stem ceDs and OPCs, 
derived from both animals and humans, have been tested in both developmentally dys- 
myelinated and experimentally demyelinated models of myelin loss. 

Neurol Stem Cells and Progenitors from the Fetal Brain 

Human fetal brain cells have been found to have robust myelinogenic capacity in the shiverer 
mice (Gansmuller et aL, 1986; Gumpel et al., 1987, 1989), Cells isolated from the rodent or 
human fetal forebrains at various gestational ages, and expanded in vitro under a variety of 
serum-free, factor-supplemented conditions, have been used as sources of transplantable 
cells (Ader et al, 2001; Brustle et al, 1998; Carpenter et al, 1999; Fricker et al, 1999; 
Hammang et al, 1997). However, there are potential risks to prolonged in vitro expansion, 
since the cells are not only exposed to exogenous mitogens, but also to autocrine factors in 
artificially high concentration, and to paracrine agents produced by the neurons and glia 
present within the initially mixed cultures. As a result, propagated stem or progenitor cells 
may not retain or reflect the lineage potential or differentiation competence of the native 
progenitor cells from which they derived. Two recent studies have highlighted the effects of in 
vitro expansion of cells prior to transplant. Buchet et al observed that freshly isolated cells 



THERAPEUTIC POTENTIAL OF HUMAN OLIGODENDROCYTE PROGENITOR" CELLS 



proliferated longer and gave rise to very extended grafts before differentiating into neurons 
and glia while cells that were expanded prior to transplant showed poor proliferation and 
quick differentiated capacity (Buchet et aL, 2002). In contrast; Englund et aL found that after 
9 weeks of expansion, human fetal brain cells lost the capacity to differentiate and remained 
as undifferentiated progenitors when transplanted into adult recipients (Englund et aL, 
2002). To circumvent the issue of paracrine effects on defined stem cells in mixed culture! 
several groups have developed methods of directly isolating neural stem ceils from tissue, 
thereby preventing their in vitro exposure to differentiated ceil products during either 
isolation or expansion (Keyoung et aL, 2001; Uchida et aL, 2000). 

Neural Stem Cells and Progenitors from Adult Brain 

Several studies describe the use of neural stem cells derived primarily from the adult rat 
and human VZ, and then propagated as neurospheres, as a potential source of myelino- 
genic cells (A^fc^^ et a!., 2001; Kukekov et a/., 1999; Zhang et aL, 1999). As described 
earlier, the adult human white matter harbors an abudance of oligodendrocyte progeni- 
tors. By virtue of their abudance, these progenitors represent a potential cellular substrate 
for therapeutic transplantation. Nonetheless, only a few studies, constrained by the lack of 
any reliable method to isolate these cells, have attempted to assess the myelinogenic capacity 
of OPCs derived from the adult human white matter. In one such study (Targett et aL, 1996), 
a crude cell preparation derived from adult human white matter was transplanted into the 
ethidUum broinide-iesioned and radiosensitized, X-irradiated adult rat spinal cord. The 
transplanted oligodendrocytes survived in the demyelinated zone, associated with denuded 
host axons, and expressed myelin proteins. But the transplanted cells did not migrate or 
divide, nor was any myelination noted. The failure of these implanted oligodendrocytes to 
myelinate was attributed to the diminished regenerative potential of post-mitotic oligo- 
dendrocytes, and the lack of a permissive environment for remyelination within the rat 
lesion bed (Targett et aL, 1996). 

Propagated Oligospheres 

Though neural stem cells have myelinogenic capacity, they also have the inherent capacity 
to generate neurons and astrocytes. The co-generation of astrocytes may not necessarily be 
deleterious, given their roles in both OPC proliferation and myelination (Blakemore, 1992; 
Franklin et aL, 1991). However, the co-generation of neurons may be undesirable, given 
the potential generation of ectopicneuronal foci, which might conceivably act as epilepto- 
genic foci. Thus, priming neural stem cells or OPCs toward oligodendrocyric differentia- 
tion prior to implant might be necessary to ensure the quantities and phenotypic 
homogeneity of oligodendrocyte progenitor cells that will be needed for clinical implant- 
ation. One approach to this goal has been the expansion of neural stem cells as neuro- 
spheres in the presence of ohgodendrocyte-inducing agents. For instance, when rat 
cerebellum-derived neurospheres were propagated in the presence of conditioned medium 
from the neuroblastoma B104 line (B104/CM), oligodendrocytes were preferentially gen- 
erated. The resultant "oligospheres" were capable of being exponentially expanded 
through several passages without phenotypic degradation and exhibited robust myelin- 
ation on transplantation into the shiverer mice brain (Avellana-Adalid et aL, 1996). Since 
then, several groups- have used a similar strategy to generate oligospheres from neural 
precursor cells of the mouse, rat, and canine forebrains (Vitry et aL, 1999; Zhang et aL, 
1998). Smith and Blakemore the compared the remyelinating capacity of cells isolated' 
from porcine SVZ within hours after dissociation, to that exhibited by matched cells after 
growth in B104/CM as oligospheres. Whereas the freshly isolated SVZ cells remained 
undifferentiated after xenograft, those expanded in B104/CM effected significant remyeli- 
nation of demyelinated axons in vivo (Smith and Blakemore, 2000). 

Human OPCs Integrate When Grafted to Demyelinated Foci of the Adult Rat Brain 

The remyelinating potential of adult human white matter-derived progenitors has been 
recently shown in lysolecithin-induced demyelinating lesions of adult rat corpus callosum 
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(Windrem et al y 2002). In this study, A2B5 expression by P/CNP2:hGP-defined OPCs 
(Roy et al. t 1999) provided the rationale for immunomagnetically selecting OPCs on the 
basis of A2B5 expression. Like P/CNP2:hGFP+ cells, A2B5-sorted cells generated largely 
oligodendrocytes when raised at high density in the presence of serum. In addition, 
immunomagnetic selection allowed their higher-yield acquisition, without the losses in 
viability and number associated with FACS separation. As a result, A2B5-antibody 
based immunomagnetic sorting increased the yield of extractable OPCs by over 5-fold. 
These A2B5-sorted white matter progenitors were transplanted into cyclosporine-immuno- 
suppressed adult rats, 3 days after lysolecithin lesions. As previously described (Gensert 
and Goldman, 1997), these lesions yielded a discrete region of transcallosal demyelination, 
/ with mild local reactive astrocytosis within the demyehnated focus, and intact vasculature: 
When A2B5-sorted human OPCs were injected into these lesions, they migrated widely and 
rapidly; within 7 days of implantation, the cells had readily traversed the midline to 
infiltrate the furthest reaches of the demyehnated lesion beds, which often extended over 
8 mm in breadth. The migration rate of the cells was hence at least 1 mm/day, or 50 um per 
hour, within the lesion borders (Fig. 10.5). The engrafted adult A2B5-sorted progenitors 
differentiated rapidly, expressing CNP within 2 weeks and MBP within 3 weeks of implant- 
ation. These OPC-derived oligodendrocytes projected MBP"*" lamellopodia and were asso- 
ciated with a branched, array of myelinating fibers, indicating the initiation of progenitor- 
associated myelinogenesis. Of note, many transplanted progenitor derived astrocytes were 
also observed in the lesions. With cyclosporine immunosuppression, the cells could survive 
at least 2 months in lysolecithin-demyelinated recipients. These findings suggested that the 
introduction of highly enriched preparations of progenitor cells derived from the adult 
human white matter might permit local remyelination. 

Migratory Characteristics of human OPCs 

Adult human-derived OPCs engrafted into demyehnated brain remained restricted to regions 
of demyelination; they rarely extended into normal surrounding myelin (Fig 1 0 5). Even the 
few cells that were typically noted to have infiltrated normal myelin appeared to have migrated 
along the extraluminal surfaces of penetrating blood vessels. Yet when lentiviral-GFP tagged 
A2B5-sorted progenitor cell pools from adult human white matter were implanted into intact 
subcortex of adult rats, the transplanted cells remained localized to the implant site and 
continued to be so even after 3 months (Windrem et al., 2002). These observations suggest 
strongly that normal adult white matter is non-permissive for the migration of adult-derived 
WMPCs, as has been observed in other studies (Iwashita et al., 2000). This restriction on 
migration may be similar at the molecular level to that observed toward axons, whose 
extension through normal white matter is suppressed by their expression of Nogo receptor, 
by which they respond to myelin-associated Nogo and MAG (myehn-associated glycopro- 
tein) with repulsion and/or cessation of further advance (Grandpre and Strittmatter, 2001). 
That being said, the operative white matter signals that restrict progenitor cell migration have 
yet to be identified. Whatever its mechanism, normal myelin clearly retains cues sufficient to 
tonically impede WMPC infiltration; accordingly, demyelination appears to remove those 
cues, allowing the active invasion and dispersion of OPCs throughout regions of acute myelin 
loss. The characterization of the ligands providing these repulsive cues, and of their antici- 
pated progenitor cell receptors, will likely constitute an important avenue of future study. 

Myelin Construction by Perinatal Transplant~Based Therapy 

Several models of congenital dysmyelination have been used to assess the myelinogenic 
potential of animal and human -derived progenitors. The myelinogenic potential of im- 
planted fetal human brain cells was first noted in the shiverer mouse (Gumpel et al., 1987; 
Lachapelle et aL, 1983). The myelinogenic potential of different, stage-defined phenotypes 
of oligodendrocyte progenitors, extracted so as to sample the engraftment efficacy of 
different stages of progenitor progression, have also been compared in shiverer mice. 
Using rat donor tissue, Warrington and PfeifTer established that the A2B5-defined oligo- 
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FIGURE 10.5 

Implanted white matter progenitors migrated widely throughout the demyelinated callosum. Sorted adult human 
white matter progenitors were transplanted into lysoleci thin-induced demyelinated lesions in the corpus callosa of 
adult rats. (A) Lysolecithin infusion (1 ul of 2% lysolecithin-V, delivered into the corpus callosum) yielded 
demyelinated plaques in the target white matter. In part A, the lesion is visible as a discoid, region of myelin 
basic protein (MBP)-irnmunonegativity, surrounded by the otherwise MBP* callosum (green). (B) Though 
denuded of myelin (MBP, blue), neurofilament* axons (green) initially survived lysolecithin demyelination, 
1 week after callosa] lesion. The implanted progenitors (orange) have just immigrated to the lesion bed. AxonaJ 
spheroids were frequent within the lysolecithin-lesion bed, indicating some degree of early injury and transection. 
The ability of implanted progenitors to effect repair is limited by the viability and integrity of the axonal cohort 
that one wishes to myelinate. (Q This low-power montage demonstrates the rapidity of long-distance migration 
by xenografted adult human white matter progenitors. These DuMabeled human progenitor cells (red) were 
visualized 1 week after their implantation, by which point the cells extend throughout the demyelinated lesion, 
defined by its loss of myelin basic protein (MBP>immunoreactivity. (green). The lesion was induced 3 days before 
10 5 sorted, Dil-tagged (red). human progenitors were delivered in 2ul. Within a week of implantation into this 
demyelinated callosum, the cells had traversed the midline. (D) A higher magnification image showing that the 
transplanted cells migrated throughout the demyelinated plaque, but not beyond its borders, except for occasional 
migrants that followed the parenchymal surfaces of blood vessels (arrow). The restriction of migration to 
demyelinated regions suggests that normal myelin impedes the migration of these cells. (E) Human white matter 
progenitor cells, identified as human nuclear antigen"*" (HNA; green), occupied the MBP (green)-deficierit lysole- 
cithin lesion, and expressed oligodendrocyte CNP (red) by 15 days after implantation. (F) A cluster of HNA + 
human cells (green) associated with a plethora of donor-derived MBP + , myelinating oligodendrocyte lamellopr> 
dia (red). (G) Lentiviral GFP-tagged human (green) MBP^ (red) oligodendrocytes in the lesion bed of a 
lysolecithin-injected rat callosum, 8 weeks after cell implantation. Besides the MBF*~ cells (arrows), other 
human progenitor-derived cells were also present, which did not express MBP and which instead manifested 
astrocytic morphologies (arrowheads). Immunol a beling adjacent sectioas for human GFAP (red) revealed that 
many of GFP-tagged human progenitors had also given rise to astrocytes. From Wiridrem <*r al (2002). Scale bars: 
A, 200 jim; B, 20 urn; D t 100 urn; E, 30 um. 
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dendrocyte progenitor phenotype was more efficient at migration and myelinogenesis in 
neonatal shiverers than the more mature 04-defined oligodendrocyte (Warrington et. al. f 
1993). Yandaya et al. similarly achieved myelination within the shiverer brain, using the 
C17.2 line of transformed murine cerebellar progenitor cells, which act as neural stem cells 
after v-myc immortalization (Yandava et al. t 1999). 

Similarly, fetal oligodendrocytes transplanted to the md rat remyelinated significant 
portions of the postnatal spinal cord (Archer et aL, 1994). Moreover, analogous studies in 
the shaking pup showed that fetal oligodendrocytes were able to engraft widespread 
regions of the shaking CNS, with graft survival of over 6 months. Although neonatal 
recijpients fared best, adult recipients also exhibited graft oligodendrocyte survival and 
stable myelination (Archer et a/., 1997). Duncan and colleagues then demonstrated that 
oligosphere-derived cells raised from the neonatal rodent subventricular zone could engraft 
another dysmyelinated mutant, the myelin-kleficient rat, upon perinatal intraventricular 
administration (Learish et al, 1999). The success of these approaches led then to the 
seminal work of Mi tome and colleagues, who used EGF responsive primary neural 
progenitor cells, in tandem with a combination of ventricular and cisternal transplant, to 
achieve the widespread myelination of the shiverer brain (Mitonie et aL y 2001). 

Human OPCs Can Myelinate Congenitally Dysmyelinated Brain 

On the basis of these studies, Windrem ei ah investigated whether highly enriched popula- 
tions of human progenitor cells, directly isolated from the brain, might be used for cell- 
based therapy of congenital dysmyelinatiori. Specifically, this study postulated that the 
efficiency of myehnatibn might be improved by using purified OPCs, derived via selection 
so as to exclude astrocytes, microglia, and vascular derivatives from the implanted pool. 
It further postulated that such purified human OPCs, both adult-derived and taken from 
the fetal brain during its period of maximal oligoneogenesis, would be sufficiently migra- 
tory and myelinogenic to mediate the widespread myelination of a perinatal host. To this 
end, A2B5-based FA CS was used in conjunction with PSA-NCAM-dependent immuno- 
depletion of neuronal derivatives, to prepare highly enriched dissociates of human OPCs, 
of both fetal and adult derivation. Both classes of human oligodendrocyte progenitor cells 
proved capable of widespread and high-efficiency myelination of the shiverer brain after 
perinatal xenograft. Indeed, the cells migrated so widely as to effect myelination through- 
out the recipient brains (Fig. 10.6, unpublished data). The cells infiltrated widely 
throughout the presumptive white matter, ensheathed resident murine axons, and formed 
antigenically and ultrastmcturally compact myelin. After implantation, the cells slowed 
their mitotic expansion with time and generated neither undesired phenotypes nor paren- 
chymal aggregates. In this initial study, despite histologically extensive myelination in these 
animals, no change in the behavioral phenotype of the shi/shi recipients or any improve- 
ment in their neurological phenotype was evident. Nonetheless, the geographic extent of 
forebrain and diencephalic MBP expression evidenced by these animals, who received but 
a single perinatal intraventricular cell injection, suggested that combined cisternal and 
intraventricular delivery of donor progenitors might achieve remyelination throughout the 
rostral neuraxis, potentially spanning the entire brain. 

Besides demonstrating the myelinogenic capacity of the transplanted cells, studies in the 
dysmyelinated animal models indirectly indicate that congenital dysmyelination, even 
more so than adult demyelination, may be an appropriate target for CNS progenitor 
cell-based therapy. In particular, these studies affirmed that the neonatal brain environ- 
ment may be especially amenable to therapeutic remyelination. It is conducive to wide- 
spread migration- and may continue to provide ihe instructive developmental cues 
necessary for region-specific differentiation. 

Fetal and Adult OPCs Differ 

Despite the use of both fetal and adult-derived OPCs in experimental therapeutic models, 
no head-to-head comparison of the two phenotypes had ever been performed from 
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FIGURE 10.6 

Myelin basic protein (M BP) was widely expressed by human fetal OPCs implanted into neonatal homozygpte shiverer mice. (A) This low-power view 
of the recipient fimbria shows abundant fiber- associated MBP expression (green). 3 months after perinatal engraftment (MBP, green) Since shiverer 
homozygotes do not express immun oreactive MBP, all such signal must derive from donor progenitor cells. (B-D) Donor fetal OPCs, additionally 
validated as such by human nuclear antigen (hNA, red\ differentiated to express GNP protein {green in B) and MBP {green in C-D). In the 0.5 um 
confocai optical section of D, MBP (green) is noted to surround the donor human nucleus (rec/), as viewed in orthogonal planes. (E). A single donor- 
derived MBP + oligodendrocyte that has matured, 3 months after engraftment, to associate with multiple recipient axons. (F) An 0.2 um optical section 
through a recipient corpus callosum shows engrafted human OPCs (hNA, blue) expressing MBP {red), and surrounding native axons (neurofilament, 
green). Arrows indicate examples of ensheathed axons, a higher magnification of which is shown in (G). Human OPCs enwrap native axons and 
reorganize the paranodal region to permit nodal formation. Caspr protein, an axonal paranoial marker, is expressed on unmyelinated axons between 
myelinated segments of axon, without invading the nodal region. (H-K) Optical sections through engrafted shiverer corpus callosum, showing donor- 
derived MBP (green) and native axonal Caspr protein in red, indicating that donor OPCs develop not only myelin production and architecture; but 
permit nodes of Ranvier to form (anti-Caspr antibodies generously provided by Dr. M. Rasband). (L) Electron microscopy confirmed that donor- 
derived oligodendrocytes developed compact myelin^ I that myelin produced by engrafted fetal human OPCs wrapped native axons to form compact 
sheathes with major dense lines (otj«). Scale bars: A/ 20pVro^ 
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analogously acquired and maintained cells implanted into the same, models at the same; 
time. As a result, it was unclear if fetal-derived OPCs differed from their counterparts 
derived from the adult human brain, with respect to either their migration competence, 
myelinogenic capacity, or the time courses thereof. To assess the relative advantages and 
disadvantages as therapeutic vectors of these two stage-defined OPC phenotypes, newborn 
shiverer mice were implanted with either fetal or adult-derived OPCs, each isolated via 
A2B5-directed immunomagnetic sorting (IMS). The implanted neonatal mice were allowed 
to survive for 1 to 3 months, and their brains then sectioned and stained for MBP, GFAP, 
and anti-human nuclear antigen. By this means, it was determined that fetal and adult- 
derived human OPCs differed substantially in their respective time courses and efficacy of 
myelinogenesis upon xenograft. Adult OPCs myelinated shiverer brain more rapidly than 
their fetal counterparts, achieving-widespread and dense MBP expression by 4 weeks after 
xenograft. In contrast, substantial MBP expression by fetal OPCs was generally not 
observed until 12 weeks post-implant (Windrem et aL, unpublished data). 

Besides myelinating more quickly than fetal OPCs, adult OPCs were found to give rise 
to myelinogenic oligodendrocytes in much higher relative proportions, and with much less 
astrocytic co-generation, than did fetal-derived OPCs. When assessed at the midline of the 
recipient corpus caUosum, just over 10% of fetal hNA-defined OPCs expressed MBP at 12 
weeks, while virtually none had done so at 4 weeks. In contrast, almost 40% of adult OPCs 
expressed MBP by 4 weeks after xenograft into matched recipients. Thus, engrafted adult 
OPCs were at least four times more likely to mature as oligodendrocytes and develop 
myelin than their fetal counterparts. As another cardinal difference between fetal and adult 
OPCs, adult OPCs largely remained restricted to the host white matter, within which they 
generated almost entirely MBP + oligodendrocytes. In contrast, fetal OPCs migrated into 
both gray and white matter, generating both astrocytes and oligodendrocytes in a context- 
dependent manner. 

Thus, both fetal and adult-derived OPCs were competent to remyelinate murine axons, 
but each had distinct advantages and disadvantages as potential vectors for cell therapy: 
Whereas fetal OPCs were highly migratory, they myelinated slowly and inefficiently. In 
contrast, adult-derived OPCs migrated over lesser distances, but they myelinated more 
rapidly and in higher proportions than their fetal counterparts: Together, these studies 
argued that while both fetal and adult human OPCs might provide effective cellular 
substrates for remyelination, the choice of cellular source must be dictated not only by 
the availability of donor material, but also by the specific biology of the disease target; 

A Caveat: Some Implanted Progenitors May Remain Undifferentiated 

A corollary of the multipotential nature of white matter progenitor cells is that when 
transplanted as nominally oligodendrocyte precursors, these cells might encounter local 
signals that instruct their maturation along alternative lineages. As a result, we need to be 
concerned about the possibility of their differentiation into undesired or functionally 
heterotopic phenotypes. This possibility is of further concern given the persistence of 
many implanted progenitors as undifferentiated cells; these may remain able to respond 
to signals in the host tissue environment, not only at the time of implantation, but also long 
thereafter. As such, these cells might comprise a reservoir of implanted precursors, from 
which desired phenotypes might be later recruited upon injury or insult. On the other hand, 
they might just as well constitute potential sources of undesired cell types that might be 
ectopically generated and recruited in the tissue environment of an acutely injured focus. 
Such local production of undesired phenotypes might introduce not only inefficiency to 
transplant-based treatment strategies, but also frank danger. For instance, the production 
of neurons in a white matter lesion could generate an epileptogenic focus, just as the 
production of astrocytes in a more typically oligodendrocyte region might disrupt local 
ionic gradients and hence axonal transmission. These and many other untoward processes 
of heterotopic phenotypic maturation could more than offset whatever benefits might be 
gleaned from a therapeutic cell implant. As a result, it may prove advisable to initiate the 
phenotypic differentiation of these cells in vitro, prior to implantation, so as to limit 
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the range of phenotypic choices available to the isolated progenitors to those appropriate 
for the intended region and disease target. Time will tell whether the possibility of hetero- 
topic misdifFerentiation will mandate such in vitro priming steps. 



EXPERIMENTAL IMPLANTATION OF NON-CNS 
PROGENITOR CELL TYPE S 

A wide range of other potentially myelinogenic cell types have also been implanted into 
experimental models of de- and dysmyelination, with varying degrees of success; 

; Schwann Cells 

Schwann cells, the myelinating cells of the peripheral nervous system^ have been considered 
as an attractive alternative to oligodendrocyte precursors for experimental transplantation. 
Schwann cells from several sources, including humans (Kbhama et al. y 2001), nave been 
implanted in dysmyelinated shiverer mice (Baron-Van Evercooren et aL, 1992), MD rats, 
and shaking pups (Duncan and Hoffman, 1997). They have also been transplanted into 
Iysolecithin (Baron-Van- Evercooren et al. y 1993; Duncan et al. 9 1981) and EB-X (Blake- 
more and Crang, 1985) demyelinated lesions in the brain and spinal cord. In all these 
systems, they have demonstrated varying degrees of myelination (Franklin and Barnett, 
1997) with the myelin produced by these cells being of the PNS-variety as specified by the 
expression of P0. In some cases, functional reconstitution of saltatory conduction has also 
been shown (Felts and Smith, 1992; Honmou et al. y 1996; Kohama et aL, 2001). In 
addition, Schwann cells have been reported to improve axonal regeneration, which might 
be of importance in MS where axonal loss is a major part of the lesion pathology. 
Considering the relative ease of expanding human Schwann cells in culture (Rutkowski 
et a!., 1995), it has been suggested that they might be appropriate cellular vectors for 
autologous transplants. Indeed, they have the added advantage of producing non-CNS 
myelin, which may be refractory to the immunological destruction in diseases like MS. 
However, like central oligodendrocyte progenitors, the migratory capacity of these cells is 
unclear. Some studies indicate that Schwann cells migrate satisfactorily over large dis- 
tances to specific target sites (Franklin and Barnett, 1997), while others indicate that they 
are unable to migrate through normal white matter (Iwashita et a/., 2000). In addition, 
Schwann cells seem to have a complex relationship with central astrocytes. After trans- 
plantation, Schwann cells are mainly found in areas devoid of astrocytes (Baron-van 
Evercooren etaL, 1992; Blakemore and Patterson, 1975), and, moreover, they are excluded 
as astrocyte numbers increase with time (Shields et al., 2000). 

Olfactory Ensheathing Cells (OEG) 

In nature, OECs ensheath small diameter axons of the peripheral olfactory epithelium 
neurons that project through the olfactory nerve into the olfactory bulb of the CNS. 
Unlike Schwann cells, these cells do not normally produce myelin. However, OECs from 
both animal (Franklin et aL, 1996; Imaizumi et al. y 1998) and human sources (Barnett et 
aL, 2000; Kato et aL, 2000) show remyelination with a peripheral pattern of myelin 
expression upon transplantation to demyelinated spinal cords. In some studies, a func- 
tional restoration of conduction has also been demonstrated (Imaizumi et a/., 2(K)b). OECs 
may have an advantage over Schwann ceils, as they co-exist naturally with astrocytes in the 
olfactory bulb (Lakatos et aL, 2000). Perhaps as a result, their interaction with astrocytes 
m not restrictive (Franklin and Barnett, 2000) in fact, they have been reported to support 
axonal regeneration through the astrocytic environment of a transected spinal cord 
(Ramon-Cueto et aL 9 1998). Nonetheless, their restoration of central axonal conduction 
remains inconclusive, as is the long-term fate of their rernyelinated units. Whether these 
cells are capable of the contact-dependent and humoral support of neuronal function 
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normally exercised by central oligodendrocytes, or conversely, whether they are in turn 
supported by the axons with which they interact (Fernandez et aL, 2000; Vartanian el aL, 
1997), similarly remain unknown. 

Embryonic Stem Cells 

Myelination by in vitro conditioned mouse embryonic stem cells has been reported in both 
hypomyelinated MD rat E-17 fetuses and shiverer newborns, as well as in adult lysolecithin 
demyelinated lesions in adult rats (Brustle et aL; 1999; Liu etaL, 2000). More recent reports 
describe transplanted human ES cells sequentially cultured to induce neural stem cells 
■ capable of generating oligodendrocytes in a region-specific manner (Reubinoff et aL, 2001). 
Though ES cells might represent a readily cultivable source of OPCs, the use of these cells 
is still limited by our inability to fully instruct all cells in the undifferentiated population to 
the desired phenotype. Of greater concern is the persistent uncommitted progenitors within 
the implanted population, which may retain the latent capacity for undifferentiated expan- 
sion arid possibly tumorigenicity. 

Mesenchymal and Marrow~Derived Stem Cells 

In addition to ES cells, mesenchymal and marrow-derived stem cells have been in focus as a 
source of neurally specified cells. Some controversial studies indicate that these cells may be 
capable of trans- or ectopic differentiation to neuroectodermal lineage (Mezey etaL, 2000; 
Sanchez- Ramos etaL, 2000). Of particular concern has been the lack of clear clonal evidence 
of neural specification as well as recent reports indicting that cell fusion may explain some of 
observations of trans-differentiation (Terada et a/., 2002; Ying et aL, 2002). Nonetheless, a 
recent study, in which mouse bone marrow stromal cells were grafted into EB-X demyeli- 
nated, spinal cord lesions, reported not only donor-cell derived histological remyelination, 
but also an improvement in conduction velocity (Akiyama et aL, 2002). This work remains to 
be replicated by other groups. Should this study prove verifiable, its approach inay open new 
avenues of stromal cell-based remyelination therapy. 

DISEASE TARGETS FOR PROGENITOR-BASED 
THERAPEUTIC MYELINATION 

Congenital Dysmyelination 

Congenital diseases of myelination, such as periventricular leukomalacia (PVL), which 
may serve as an anatomic form fruste for the later development of cerebral palsy (Grow 
and Barks, 2002; Rezaie and Dean, 2002; Volpe, 2001) and the hereditary leukodystrophies 
and storage diseases, such as Krabbe's and Tay Sachs disease, are leading causes of infant 
morbidity and mortality (reviewed by Schiffmann and Boespfmg-Tanguy, 2001; Berger et 
aL, 2001). As such, these may constitute feasible and attractive targets for therapeutic 
remyelination (Tate et aL, .2001). 

Periventricular leukomalacia PVL describes a lesion of the periventricular white matter, 
associated with a failure in early myelination of the cerebral hemispheres. PVL appears to 
be a pathological concomitant to perinatal hypoxic-ischemic insult and may result from 
germinal matrix hemorrhage, sustained hypoxia, and excitotoxic injury, and most likely 
from combinations of these insults. PVL predicts the development of cerebral palsy in most 
cases (Volpe, 2001). Experimental models of hypoxic-ischemia in neonatal rats (Back et aL, 
2002; Levison et aL, 2001) as well as studies of pediatric autopsies (Back et aL, 2001) have 
suggested that the late oligodendrocyte progenitors of the forebrain SVZ comprise the 
predominant cell population lost in perinatal ischemic injury. This is in accord with our 
understanding of the natural history of oligodendrogliogenesis in humans (Grever et aL, 
1999; Rakic and Zecevic, 2003; Zhang et aL, 2000), the developmental window for which 
corresponds to the period of ischemic vulnerability of the periventricular white matter. 



Congenital leukodystrophies include an ever-expanding group of inherited diseases of 
myelin synthesis and metabolism. Although a diverse group, these may roughly be divided 
into lysosomal storage diseases, such as Krabbe's globoid cell leukodystrophy (Wenger et 
at., 2000) and Tay Sachs diseases (Gravel et al. y 1991); disorders of myelin synthesis, such 
as Peiizaeus-Merbacher disease (PMD) (Koeppen and Robitaille, 2002); and metabolic 
deficiencies leading to toxic demyelination, such as Canavan's disease (Matalon and 
Michals-Matalon, 2000). Each of these disease categories is attended by extensive white 
matter involvement and clinical leukoencephalopathy, typically leading to severe neuro- 
logical disability and death. As a group, the clinical leukodystrophies represent especially 
attractive targets for progenitor cell-based therapy, since the restoration of healthy oligo- 
dendrocytes in early perinatal development may be sufficient to permit myelination and 
hence to slow or prevent the development of the disease phenotype. In addition, effective 
murine models of these diseases are available (Werner et a/., 1 998). Inherited diseases of the 
PLP and MBP genes are modeled by twitcher (Mikoshiba et a'L, 1985; Yoshimura et al, 
1989) and shiverer mice (Roach et al., 1985), respectively. In addition, mutations of 
hexoseaminidase-B, modeling SandhofFs and Tay-Sachs diseases (Kolter and SandhorT, 
1998), and aspartoacylase, mimicking Canavari's disease (Matalon et al. y 2000), have been 
similarly employed. The availability of such genetically precise models of the childhood 
leukodystrophies is already greatly accelerating the process of developing experimental 
treatment strategies for these disorders- 
Acquired Demyelination . 

In adults, the diseases of acquired demyelination include later-onset leukodystrophies, 
such as metachromatic leukodystrophy and adrenoleukodys trophy, as well' as vascular* 
inflammatory, and nutritional demyelinating syndromes (Baumann and Turpin, 2000; 
Berger et aL, 2001; Desmond, 2002; Dichgans, 2002). The vascular demyelinatibns include 
hypertensive and diabetic leukoencephalopathies, which may both be due to chronic 
oligodendrocytic ischemic hypoxia (Dewar et al y 1999; Leys et al, 1999). Subcortical 
strokes, particularly those within the distributions of the fbrebrain lenticulbstriate and 
thalamogeniculate arterial territories, are also prominent causes of vascular demyelination 
(Dichgans, 2002). The inflammatory demyelinations include multiple sclerosis, transverse 
myelitis (Kerr and Ayetey, 2002), optic neuritis (Cree et at., 2002; Eggenberger, 2001), and 
less commonly Schilder's leukoencephalitis (Kotil etaL, 2002), as well as postvaccinia! (An 
et aL, 2002; Konstantihou et al. y 2001) and postinfectious leukoencephalitis (Kleinschmidt- 
DeMasters and Gilden, 2001; Rust, 2000). All of these syndromes of acquired demye- 
lination are potential targets of therapeutic remyelination. Yet most attempts at cell-based 
remyelination in experimental animals have been made using acute chemical demyelinating 
insults, such as lysolecithin. In contrast to the availability of effective animal models of 
congenital dysmyelination, the study of acquired demyelination has suffered from its lack 
of biologically appropriate, clinically reflective animal models. As a result, few adequate 
studies of cell-based remyelination of acquired, adult demyelinating lesions have been 
reported using any cellular vector. Those studies that have reported oligodendrocytic 
maturation and myelination by implanted oligodendrocyte progenitors have typically 
failed to demonstrate substantial axonal ensheathment, though this has likely reflected 
the loss of competent axons in these models, rather than any insufficiency on the part of the 
implanted progenitor cells. Indeed, the etiological complexity and manifold sequelae- of 
demyelination in the adult brain argues against easy therapeutic intervention. As such, 
until improved models of acquired demyelinating disease are available, progress in cell- 
based therapy of adult demyelinating diseases will be necessarily slow. In contrast, the 
arguably simpler etiologies of congenital dysmyelination, their frequent lack of association 
with underlying systemic disease, and the persistent structural plasticity of the perinatal 
brain, together with the many effective animal models for congenital dysmyelination, 
collaborate to make these diseases attractive targets for near-term intervention, both 
experimentally and clinically. Indeed, we may reasonably except the congenital leukody- 
strophies to be especially promising targets for cell-based therapeutic remyelination. 
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The 0-2A<*dult progenitor ce 
central nervous system 

Mark Noble, * Damian Wrent and Guus 

Systematic comparison of the properties of oligodendrocyte- 
type-2 astrocyte (0-2 A) progenitor cells derived from optic 
nerves of perinatal and adult rats has revealed that these two 
populations differ in many fundamental properties. In 
particular, O^AJ*"***" 1 progenitor cells are rapidly dividing 
cells capable of generating large numbers of oligodendrocytes 
over a relatively short time span. Oligodendrocyte differentiation 
generally occurs synchronously in all members of a clone, thus 
leading to elimination of that clone from the pool of dividing 
cells. However, some 0-2At* rinatal progenitors are also 
capable of giving rise to 0-2A«* utt progenitors. These 
latter cells express many of the characteristics of stem 
cells of adult animals, including the capacity to undergo 
asymmetric division and differentiation. We suggest 
that precursors which function during early development 
give rise to terminally differentiated end-stage cells and 
to a second generation of precursors with properties more 
appropriate for later developmental stages. It is this second 
generation of precursors which express the properties of 
stem cells in adult animals, and we therefore further 
suggest that our work offers novel insights into the possible 
developmental origin of stem cells. 

Key words: progenitor / astrocyte / perinatal I adult 



IN THE LIGHT OF the considerable physiological 
differences between development and maturity, 
it has seemed likely that precursor cells which 
contribute to the early generation of a tissue and the 
precursors involved in replacement of cells in 
older animals might differ in their properties. 
The explosive growth of cmbryogenesis would be 
inappropriate in most adult tissues, and processes 
must exist for slowing down this rapid generation 
of cells. However, precursor populations cannot be 
entirely eliminated, as there is a need in adult tissues 
for the maintenance of a population of precursor cells 
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which would have the capacity to contribute to tissue 
repair. It is these cells which include the stem cells 
of adult tissue. 

For at least several different cellular lineages, 
substantial differences have indeed been demonstrated 
between the precursor cells present during develop- 
ment and in the adult animal. For example, there 
are fundamental differences between embryonic 
myoblasts and adult muscle satellite cells, 1 * 2 and 
between fetal and adult cells of both the haemato- 
poietic and sympathoadrenal lineages. 1 * 4 In addition, 
although optic nerves of both perinatal and adult rats 
contain progenitor cells which can be induced to 
differentiate in vitro into either oligodendrocytes or 
type-2 astrocytes,5-'0 (hc oligodcndrocyte-type-2 
astrocyte (0-2A) progenitors isolated from optic nerves 
of adult rats differ from their perinatal counterparts 
in antigenic phenotype, morphology, cell cycle 
time, motility and time-course of differentiation 
in vitro, 7 ' 10 

In this review we will discuss our attempts to 
understand the comparative biology of the precursor 
cells of developing and mature organisms. These 
studies have led us to propose functional distinctions 
between precursors which provide the basis for 
tissue formation during early development (e.g. 
neuroepithelial stem cells, embryonic stem cells), but 
which are not maintained in the animal throughout 
life, and those which are able to provide a source 
of new cells in tissues of mature animals. At least 
for the lineage we have examined, our studies have 
provided several novel insights into the origin and 
functional biology of stem cells of adult animals. 

The 0-2A*"*" 1 * 0 ' progenitor 

The first step in our studies on glial development 
in the CNS was the discovery that cultures derived 
from white matter tracts of the CNS contained two 
distinct astrocyte populations, termed type-1 and 
typc-2 astrocytes." These two cell types could be 
readily distinguished from each other on the basis 
of morphology, antigenic phenotype and response 
to growth factors. Most importantly, we found that 
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optic nerves of perinatal rats contained a population 
of glial precursors which did not express glial fibrillary 
acidic protein (GFAP) at the time of isolation, but 
which could be induced to become GFAP* typc-2 
astrocytes by growth in tissue culture. 

Subsequent studies on the precursors of type-2 
astrocytes led to the discovery that these cells could 
also be induced to differentiate into oligodendro- 
cytes. 5 Oligodendrocyte differentiation of 0-2A 
progenitors occured when progenitors were grown 
in chemically-defined medium and did not require 
the presence of inducing factors. In contrast, 
astrocytic differentiation required the presence of 
appropriate inducing factors, at least one of which 
is found in fetal sera of a number of different species. 

Initial studies on oligodendrocyte differentiation 
of 0-2A progenitors isolated from optic nerves of 
perinatal rats presented the paradox that the cells 
we were studying were isolated at a time of maximal 
division of this lineage in vivo, 12 ** 3 yet cells did not 
divide in tissue culture. Resolution of this paradox 
began with the discovery that cortical astrocytes 
promoted 0-2A* frtV,ltto/ progenitor division in vitro™ 
The astrocytes used in these studies express many 
of the properties of type-1 astrocytes of the optic 
nerve, which are the first identifiable glial cells to 
appear in the nerve. 15 The similarity of these two 
populations led us to suggest that type-1 astrocytes 
were responsible for supplying the mitogen(s) 
required to keep 0-2A progenitors in division in vivo. 
Moreover, populations of 0-2A^" wto/ progenitors 
grown in the presence of purified cortical astrocytes 
were capable of undergoing extended division while 
also continuing to generate more oligodendrocytes, 14 
a pattern of behaviour similar to that occurring in vivo. 
Thus, the failure of 0-2A/^ nato/ progenitors to divide 
in our initial in vitro studies was due to the lack of 
necessary mitogens, which appeared to be supplied 
by another glial cell type of the optic nerve. 

Further studies demonstrated that purified cortical 
astrocytes could also promote the correcdy timed 
differentiation in vitro of O- 2 A progenitors 
isolated from optic nerves of embryonic rats J 6 The 
molecular mechanism by which this timing is 
controlled remains a mystery, although all evidence 
to date indicates that it is the 0-2A/*" m * ,/ progenitors 
themselves which are measuring elapsed time. 17 ' ,B 
A potential linkage between the measurement of 
elapsed time by dividing cells and the control 
of differentiation has also been observed for 
fibroblasts and haematopoietic stem cells (for review 
see ref 19). In the case of 0-2A^ nnate/ progenitors, it 



appears that this biological clock causes clonally 
related dividing progenitors to differentiate synchron- 
ously into oligodendrocytes within a limited number 
of cell divisions. 10 ' 17 ' 18 However, it is not yet 
known whether the mechanism which underlies this 
synchronous differentiation of clones of dividing cells 
is also responsible for the first appearance of 
oligodendrocytes in the rat optic nerve at the day 
of birth m vivo, or the equivalent time in vitro. 

The effects of purified cortical astrocytes, and of 
type-1 astrocytes from the optic nerve, on 0-2A> ten,iate/ 
progenitor division in vitro appear to be mediated 
by platelet-derived growth factor (PDGF). 18 20 22 
0-2A* CTIMflte/ progenitors exposed to either PDGF or 
astrocyte-conditioned medium exhibited a bipolar 
morphology, migrated extensively (with average 
migration rates of 24.6 ± 5.6 /un h - l ) and divided 
with an average cell cycle length of 20 ± 6 h . PDGF was 
also as potent as type-1 astrocytes at promoting the 
correctly timed differentiation in vitro of embryonic 
0-2A progenitors into oligodendrocytes. 18 Moreover, 
antibodies to PDGF blocked the autogenic effect of 
typc-1 astrocytes on embryonic 0-2 A progenitor 
cells, causing these cells to cease division and to 
differentiate prematurely even when growing on 
monolayers of type-1 astrocytes. Thus, this single 
mitogen was able to elicit a complex behavioural 
phenotype from 0-2A* eT " w progenitors which 
included normal functioning of the cellular mechanisms 
involved in the measurement of elapsed time. 
Interestingly, recent studies have indicated that 
neurons, which also promote division of 0-2A* fr " Mfa ' 
progenitors in vitro, 22 * 23 may also be a source of 
PDGF. 24 - 25 However, the specific contributions of 
either neuronal or astrocytic 26 production of PDGF 
to the development of the 0-2A lineage in vivo is not 
yet known. 

O^adult progenitors 

To attempt to gain insights into the cellular 
mechanisms underlying regeneration of the oligo- 
dendrocyte population following demyelinating 
damage in vivo, we also initiated studies on 0-2A 
progenitors of the adult CNS. In our initial studies, 
which again were focused on the rat optic nerve, 
we found that 0-2A progenitors isolated from 
adult animals differed from their perinatal counter- 
parts in several ways. When co-cultured with 
purified cortical astrocytes, 0-2A« /ttA progenitors 
had a unipolar morphology in vitro? whereas 
q_2A/*™ w progenitors were usually bipolar. 7 - 27 In 



addition, O^A*" 6 ** progenitors had a longer average 
cell cycle time in vitro than 0-2AP* rif,atai progenitors 
(65 ± 18 h versus 18 ± 4 h), 7 - 20 migrated more slowly 
(4.3 ± 0. 7 |*m h " J versus 21 .4 ± 1 .6 fun h - O, 7 - 27 and 
take longer to differentiate (3-5 days versus 2 days for 
50% differentiation). 7 Furthermore, 0-2A arfu// 
progenitors stimulated to divide by purified cortical 
astrocytes were 04 + while dividing 0-2A^ r '" fl/a/ 
progenitors were 04 - (ref 7; I. Sommer, M. Noble, 
unpublished observations). 

The appearance of adult -specific precursors in any 
lineage raises questions about their developmental 
origin. Are these cells derived from a common 
ancestor cell which, for example, initially gives rise 
to 0-2A*™ fl * l/ progenitors, and then gives rise to 
0-2A aA£ ^ progenitors during later stages of develop- 
ment? Alternatively, are perinatal and adult precursor 
populations derived from two distinct ancestors, 
despite being specialized to produce similar termin- 
ally differentiated end-stage cells? 

The continued presence of precursor populations 
in adult animals also raises questions about how 
such populations are maintained within any particular 
tissue throughout life. The maintenance of a 
precursor population throughout life is generally 
thought to be associated with the presence of 
a stem cell population which supplies new cells 
to the precursor pool for use in cell replacement 
following normal turnover or injury. For example, 
it has been suggested that the presence of proliferating 
0-2A progenitors in the adult animal requires 
the existence of a pre-progenitor, or stem cell, 
compartment in the 0-2A lineage. 6 The require- 
ment for a stem cell compartment to support 
the prolonged maintenance of dividing 0-2A 
progenitors in the nerve is further indicated by the 
self-extinguishing nature of the 0'2AP eriaaSid pro- 
genitor population. As described earlier, 0-2A/* n * flto/ 
progenitors grown in vitro in the presence of puri- 
fied cortical astrocytes (as a source of PDGF) 14 * 20 
generally divide and differentiate symmetrically, 
such that all members of a clonal family of cells 
synchronously differentiate into oligodendrocytes 
within a limited number of divisions. 17 - 18 It is clear 
that this mode of division and differentiation is 
incompatible with continued self-renewal of 
precursors throughout life, and it was thus not 
surprising to find that 0-2AP eriaaiaI progenitors are 
present only in small numbers in cultures prepared 
from optic nerves of 1 -month-old rats 8 and are not 
detectable in cultures prepared from optic nerves of 
adult rats. 7 



Generation of 0-2A aduii progenitors from 
0-2AP**™*** progenitors 

Analysis of the development of 0-2A**** progenitor 
cells in cultures derived from 3-week-old rats, the 
age when the relative proportion of perinatal to adult 
0-2A progenitors appears to be changing most 
rapidly in vivo, 8 has indicated that some 0-2AA nnfl/fl/ 
progenitor-like cells have the ability to generate 
0-2A*^ progenitor-like cells when co-cultured with 
purified cortical astrocytes. 10 These experiments 
were carried out by filming the behaviour of families 
of cells derived from single 0-2A progenitors. Due 
to the simplicity of the optic nerve cultures, and our 
extensive characterization of the cell types found in 
these cultures, the morphological information 
provided in these films could be used to identify with 
great precision 0-2A progenitors, and to distinguish 
between cells with perinatal- or adult-like phenotypes. 

In seven individual time-lapse microcinemato- 
graphic films, with a total analysis of 15 separate 
families of 0-2A lineage cells, we found four 
examples of families in which (1) the founder cell 
gave rise at the first division to two cells with the 
characteristic morphology, cell-cycle length and 
motility of 0-2A/>""«"' progenitors and (2) 
subsequent to the first division, members of the 
family expressed the unipolar morphology, 
lengthened division times and slow migration rates 
typical of 0-2A<*k* progenitors. 

Figure 1 depicts diagramatically the history of one 
of the families wherein 0-2A/ w »" flta/ progenitor-like 
cells were seen to give rise to 0-2A* /wfl progenitor- 
like cells. In this family the founder cell first 
generated two further 0-2AM*"** progenitor-like 
cells (cells a and b). The family branch represented 
by one of these progenitors (cell a) terminated, 
over two divisions, with the production of three 
oligodendrocytes (cells c, d and e, which were 
characterized by their multipolar morphology, lack 
of division and lack of migratory behaviour). 20 » 31 
The other branch (cell b) first produced three 
further perinatal progenitor-like cells before all of 
these cells started to express longer cell cycle 
times and migration rates. By the next division, 
all of the motile and dividing members of this 
family expressed a unipolar morphology, a cell cycle 
length of >40h (x = 45 h) and a migration rate of 
<6/mi h - 1 (x = 4^unh- 0; see cells f, g and h in 
Figure 1. Similar observations were made in the 
other three families in which a perinatal- to- adull- 
transition was observed. 10 
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Figure 1. Bipolar 0-2A*™ 0 ' 4 ' progenitor-like cells that 
divide and migrate at a fast rate give rise to unipolar 
0-2A aAt " progenitor-like cells which migrate and divide 
more slowly. Fifteen clonal colonies of 0-2A progenitors, 
stimulated to divide by cortical astrocyte-derived mitogens, 
were followed by time-lapse rnicrocineniatography. Within 
15 colonies suitable for detailed analysis, four clear 
examples were found of 0-2A/* r ° wto/ progenitor-like cells 
that were bipolar, were highly motile and had a short cell 
cycle time, which in the first division generated more 
0-2A*™ ,ifl/ progenitor-like cells, and which eventually 
gave rise to cells which expressed the unipolar morphology, 
lengthened cell cycle time and slow migration rate of 
(j_2poAdi progenitors. One of the families in which dividing 
0-2AA f ™ Mifl/ progenitor gave rise to 0-2A <wft ^ progenitor- 
like cells is represented diagramatically in the figure. The 
morphology of a progeny cell is indicated in the figure only 
when the cell was clearly bipolar, unipolar, or oligodendro- 
cyte-! ike. Since some progeny cells moved, out of the field 
of photography (depicted with an arrow) their fate could 
not be determined. The numbers above the lines are the 
cell cycle times in hours, while the numbers below the 
lines are the migration rates in pm h " l . The transitions 
shown could not be ascribed to changes in the composition 
of the tissue culture medium, since all still cultures 
contained actively dividing and migrating 0-2AP tHmdal 
progenitor-like cells at the end of the filming period. 

Our time-lapse observations suggest that the 
transition from perinatal to adull phenotype is not an 
abrupt one, in that generation of 0-2A <w/tt// 
progenitor-like cells may require two or more cell 
divisions, with the cells present after one division 
expressing cell-cycle times and motility characteristics 



intermediate between the perinatal and adult 
phenotypes. These results also are consistent with 
our previous studies on the characteristics of cells 
derived from optic nerves of 1 -week to 1 -month-old 
rats, in which we observed cells with phenotypes 
which could not be classified unambiguously as adult- 
like or perinatal-like.** 

Extended self-renewal in the 0-2A lineage 
is associated with the in vitro generation 
of 0-2A a< ' tt/ ' progenitors 

To test further the hypothesis that 0-2A flrfu " pro- 
genitors might be derived from 0-2AA*"" m *<«' 
progenitors, we then serially passaged perinatal optic 
nerve cells over the course. of 3 months. In these 
experiments, optic nerve populations containing 
0-2Ai" rinafai progenitors, but not Ch2A adtdt pro- 
genitors, were passaged onto fresh monolayers of 
purified and irradiated cortical astrocytes for up to 
six passages. 

Serial passaging of 0-2A progenitors derived from 
optic nerves of perinatal rats was associated with a 
shift in the progenitor population from entirely 
perinatal-like to predominandy adult-like, as judged 
by antigenic and morphological criteria and by 
changes in the population doubling times. 10 In the 
early passage cultures, dividing 0-2A progenitor- 
like cells (identified by [ 3 HJ- thymidine labelling, 
immunolabelling and autoradiography) expressed the 
bipolar morphology and A2B5*04 _ antigenic 
phenotype characteristic of 0-2AP erinatai progenitor 
cells. In contrast, >80% of the dividing 0-2A pro- 
genitors in the later passage cultures expressed 
the 04 + antigenic phenotype characteristic of 
0-2A*** progenitors, and 92% of these cells also 
expressed the characteristic unipolar morphology of 
0-2A aAl/l progenitors. 7 The rate of increase in the 
numbers of new progenitors and oligodendrocytes 
in these cultures also decreased significantly with 
increasing passage number, and fell from the 24 h 
doubling times characteristic of perinatal populations 
to approach the long doubling times characteristic 
of adult populations. In agreement with the increase 
in the average doubling time with increasing passage 
number, the proportion of progenitor-like cells which 
incorporated [ 3 H] -thymidine during a 24 h pulse 
decreased with successive passages. 

The results of our serial passaging experiments 
were thus consistent with the hypothesis that 
0-2A £K&A progenitors are derived from 0-2A/* nfftfte/ 
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progenitors and further suggested that expression of 
the capacity for prolonged self-renewal in this lineage 
is associated with the appearance of 0-2A aHuU 
progenitors. The mechanism which might underly 
such self-renewal was suggested by observations that 
serial passaging was associated with a slight increase 
in the proportion of colonies which contained both 
oligodendrocytes and [ 3 H] -thymidine labelled 0-2A 
progenitors, an observation examined in closer 
detail using cells derived from adult animals (see 
next section). 

Characteristics of division and differentiation 
in colonies of 0~2A aduit progenitor cells 

As 0^2AP trinatat progenitors are not detected at all in 
cultures derived from adult optic nerves, it is unlikely 
that generation of 0-2A <ttAlft progenitors from 
0-2A/*" aato/ progenitors is the mechanism which 
allows maintenance of the adult progenitor in the 
nerve throughout life. The slight increase in the 
proportion of 0-2A lineage colonies containing both 
oligodendrocytes and [ 3 H] -thymidine labelled 0-2A 
progenitors, seen in our passaging experiments, 
raised the possibility that O~2A 0fhJi progenitors might 
be able to divide and differentiate asymmetrically. 
Such a pattern of division and differentiation would 
allow these cells to give rise to more progenitors 
and generate oligodendrocytes at a slow rate. 
To examine this possibility under conditions which 
would allow cells to undergo several divisions, we 
analysed the composition and size of oligodendrocyte- 
containing colonies generated from 0-2AA eriMte/ and 
0-2A arftt// progenitors grown at clonal densities ( < 1 
cell/30 mm 2 ) on monolayers of purified cortical 
astrocytes (to promote progenitor division). 7 » 14 As 
the generation of 0-2A drfw * progenitors from 
0-2A/* T " wto/ progenitors (as would occur in cultures 
derived from 3 -week-old rats) would have complicated 
analysis of these experiments, the optic nerve cells 
used in these experiments were obtained exclusively 
from newborn and adult rats. Colonies were examined 
after a length of time which would allow cells to 
undergo <6 divisions and ^ 10 divisions, this being 
6 and 10 days for 0-2A/ wr " rfl/a ' progenitors and 15 
and 25 days for 0-2A aduii progenitors, respectively. 

Oligodendrocyte-containing colonies 

As in previous experiments, 17 the composition and 
size of oligodendrocyte-containing colonies derived 



from 0-2A* m * flto/ progenitors were consistent with 
the view that the generation of oligodendrocytes 
by these cells is associated with symmetric division 
and clonal differentiation. Sixty-six percent of 
the oligodendrocyte-containing colonies examined 
.on Day 10 consisted entirely of oligodendrocytes 
and, even as early as Day 6, the A2B5 + GalC~ 
progenitor-like cells in mixed colonies were most 
frequently multipolar non-dividing cells (i.e. not 
labelled with [ 3 H] -thymidine) which appeared 
to have been visualized just prior to oligodendrocyte 
differentiation. Only 7% of the oligodendrocyte- 
containing colonies derived from perinatal progenitors 
and visualized on Day 6, and 14% of those visualized 
on Day 10, contained both oligodendrocytes and 
dividing progenitor cells (as judged by the in- 
corporation of [ 3 H] -thymidine). Moreover, 
oligodendrocyte-containing colonies derived from 
0-2\P*rinatal progenitors clustered around sizes of 2, 
4, 8, 16, 32, 64 and 128 cells/colony at 6, 8 and 
10 days after plating, as expected when clonally- 
related cells divide symmetrically and differentiate 
synchronously. 

Unlike the results obtained with 0-2A*« n * ,wto ' 
progenitors, the composition of oligodendrocyte- 
containing colonies derived from individual dividing 
0-2A <Kfc// progenitors was consistent with the hypo- 
thesis that the generation of oligodendrocytes by these 
cells occurred by means of asymmetric division and 
differentiation. 10 Over 75% of the oligodendrocyte- 
containing colonies derived from individual 0-2A arfB * 
progenitors grown at clonal densities contained both 
oligodendrocytes (which generally do not divide in 
these tissue culture conditions) 7 * l 4 and [ 3 HJ- 
thymidine-Iabelled progenitors after both 15 and 25 
days of in vitro growth, periods of time which would 
allow ^6 or ^ 10 average cell cycles for 0-2A<* ftl * 
progenitors. 7 The proportion of colonies which 
contained both oligodendrocytes and radiolabeled 
0-2A progenitor cells on Days 15 and 25 of in vitro 
growth was very similar, even though the average 
size of the oligodendrocyte-containing colonies 
continued to increase with time in culture (from a 
median Value of 7 cells/colony on Day 15 to a median 
value of 11 cells/colony on Day 25). Only 10% of 
the colonies visualized on Day 25 consisted entirely 
of oligodendrocytes, and the remaining 14% 
contained oligodendrocytes and progenitors which 
were unlabelled by [ 3 H J -thymidine. In addition sizes 
of oligodendrocyte-containing colonies did not cluster 
at factors of 2 on either Day 15 or Day 25 of in vitro 
growth. 
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Oligodendrocyte-jree colonies 

Sixty-two percent (1 10/1 76) of the colonies derived from 
q.2A« &a progenitors contained no oligodendrocytes 
even after 25 days of mi vitro growth. Oligodendro- 
cyte-free colonies seen at this stage were generally 
small, and over 80% of these colonies (89/110) 
contained < 16 cells at Day 25. Consistent with the 
small size of many of these colonies, < 20% (23/1 10) 
of the oligodendrocyte-free colonies contained any 
cells wich were labelled by a 20 h pulse with [ 3 H] - 
thymidine. In contrast, in colonies derived from 
0-2A*"" a ' a/ progenitors, only 30% (41/136) of the 
colonies were free of oligodendrocytes on Day 10 
in vitro. 

The 0-2A«*«* progenitor as a stem cell 

While the generation of 0-2A arfu// progenitors from 
0-2hP trinatal progenitors provides a possible 
explanation for the origin of the adult cell, the lack 
of 0-2A/** n,wlff/ progenitors in adult optic nerve 7 
suggests that other mechanisms are involved in 
maintenance of a dividing population of 0-2A aduU 
progenitor in the adult animal. Although it has been 
previously suggested 6 that the presence of such cells 
in the adult requires the existence of an ancestral 
stem cell, capable of generating 0-2A lineage cells 
throughout life, several observations now raise the 
possibility that the 0-2A arfafr progenitors may them- 
selves function as stem cells. 

The first stem-cell like property of 0-2A arfa// 
progenitors derives from the observation that this 
population is maintained in the rat optic nerve as a 
dividing population seemingly throughout life (rcf 6; 
G. Wolswijk, E. Abney, unpublished observations). 
0-2A*k tf progenitor-like cells can be isolated from 
optic nerves during the first week after birth and such 
cells remain in the nerve for at least the first year of 
life, in contrast with 0-2A^ OT,,ato/ progenitors, which 
have largely disappeared from the optic nerve by one 
month after birth. 7 * 8 In vitro observations suggest 
that 0-2A/* r " w/<l/ progenitors would disappear from 
the nerve as a consequence of symmetric differenti- 
ation, of most clones of cells into oligodendrocytes 
and differentiation of the remaining cells into 
0-2A adu,t progenitors (and possibly type-2 astro- 
cytes, although the in vivo existence of these cells is 
controversial; see refs 28-32). 

The second stem-cell like property of 0-2A flrftf// 
progenitors is their long (60-65 h) cell cycle times. 7 ' 9 
Our most recent studies 10 furdier suggest that the 



population of 0-2A adult progenitors may even 
contain a sizeable proportion of cells with cell cycle 
times in excess of 100 b. Examination of colonies 
developing in vitro over 25 days showed that the great 
majority (89/110) of these colonies contained < 16 
cells after 25 days in vitro, and that only a small 
proportion (23/1 10) of these colonies contained cells 
which were labelled with a 20 h pulse of [ 3 H]- 
thymidine. Both of these results are consistent with 
the existence of 0~2A aduii progenitors with very long 
cell-cycle times. 

Also of potential relevance to the question of 
whether 0~2A aduU progenitors express stem-cell like 
characteristics are our observations consistent with 
the view that these cells can undergo asymmetric 
division and differentiation in vitro. Unlike colonies 
derived from 0-2A^" Mte/ progenitors, oligodendro- 
cyte-containing colonies derived from 0-2A< u * ttU 
progenitors generally contained pro- 
genitors which were labelled by [ 3 H] -thymidine, 
indicating that onset of differentiation in the adult 
progenitor-derived colonies was not associated with 
cessation of cell division in the whole colony. The 
capacity to undergo asymmetric division and differ- 
entiation is an important attribute of bona fide stem 
cells of adult animals. 

A further stem-cell like feature displayed by adult 
progenitors grown in vitro was that a far higher pro- 
portion of oligodendrocyte-containing colonies than 
oligodendrocyte-free colonies contained 0-2A** 1 * 
progenitors labelled with a 20 h pulse of [ 3 H]- 
thymidine (75 versus 20%; ref 10). Similarly, the 
onset of differentiation of epidermal stem cells into 
keratinocytes in any clone of cells is associated with 
an increased likelihood of finding cells engaged in 
DNA synthesis, in association with passage of stem 
cell progeny through a transit amplifying population 
of cells engaged in differentiation. 33 

Growth factor co-operation and self-renewal 
in the 0-2A lineage 

All of the research described thus far was carried out 
in cultures in which 0-2A progenitor division was 
promoted either by purified cortical astrocytes or by 
PDGF (the progenitor mitogen secreted by these 
cells). However, we have also found that there are 
other developmental programmes which can be 
expressed by dividing 0-2A progenitors. As will be 
discussed below, some of these findings may be of 
particular relevance to understanding the control of 



0-2 f A M progenitor cell 



419 



precursor self-renewal and also to the elicitation from 
adult stem cells of a pattern of growth likely to be 
of importance in responding to tissue injury. 

0-2A^ r " wto/ progenitors division can be induced 
by exposure to cells to basic fibroblast growth factor 
(bFGF), but cells induced to divide by this mitogen 
were multipolar and showed little migratory 
behaviour. 34 In addition, cells induced to divide by 
bFGF had a cell-cycle length of 45 + 12 h, in contrast 
with the 18 + 4 h ceil cycle length elicited by exposure 
to PDGF. These results indicate that PDGF and 
bFGF function in the 0-2A lineage as modulators 
of differentiation as well as functioning as promoters 
of cell division. PDGF and bFGF also differ in their 
effects on oligodendrocytes themselves, in that only 
bFGF is able to promote division of these cells. 34 " 36 
The effect of bFGF on oligodendrocytic differenti- 
ation of 0-2A/ ynVtttto/ progenitors is currently a subject 
of controversy. In our initial studies, we found that 
0-2A progenitors exposed to bFGF differentiated 
prematurely to form oligodendrocytes. 34 In contrast, 
other investigators found that this same mitogen 
inhibited differentiation of purified 0-2AA«™ nate/ 
progenitors. 37 The several methodological differences 
between the two sets of studies (ranging from the 
source of progenitors to the methods of tissue culture) 
make it difficult to determine the reasons for these 
differing observations. Our more recent studies do 
however suggest that at least part of the discrepancy 
between the two sets of results may have been due 
to effects of other factors present in the cultures, 
and that bFGF does indeed inhibit oligodendro- 
cytic differentiation of purified 0-2AP erinaua pro- 
genitors. 46 

In respect to 0-2A P******** progenitors, the most 
intriguing results of our studies with PDGF and bFGF 
was the discovery that progenitors exposed simul- 
taneously to these two mitogens continued to divide 
without differentiating into oligodendrocytes. 34 For 
example, cultures prepared from optic nerves of 
19-day-old rat embryos began to generate oligo- 
dendrocytes after 2 days when established in 
the presence of PDGF alone J 8 * 34 yet remained 
oligodendrocyte-free even after 10 days of growth 
in the presence of PDGF + bFGF. 34 Further experi- 
mentation has demonstrated that 0-2AP mnatal 
progenitors can be grown continually for a year or 
more in vitro as long as ceils are continually exposed 
to both of these mitogens (S.C. Barnett, M. Noble, 
unpublished observations). 0-2A/*™ tta/fl ' progenitors 
grown in this manner retain the ability to undergo oligo- 
dendrocytic differentiation when removed from the 



presence of both mitogens. We do not yet know whether 
0-2AP erinatai progenitors grown for extended periods 
in this manner will generate 0-2A flAA progenitors. 

The discovery that cooperation between growth 
factors can cause prolonged self-renewal of precursors 
revealed a previously unkown means of regulating 
self- renewal in a precursor population. Such co- 
operation may, however, represent a more general 
phenomenon, as indicated by the importance of 
growth factor cooperation in promoting the extended 
division in vitro of haematopoietic stem cells 38 and 
primordial germ cells. 47 It will be of considerable 
interest to determine the extent to which cooperation 
between different growth factors is responsible for 
eliciting particular aspects of stem cell behaviour. 

Growth factor cooperativity and lesion repair 

While it is difficult to determine the role (if any) 
played by PDGF/bFGF cooperativity during develop- 
ment, some of our most recent studies have suggested 
that such cooperativity may be of profound importance 
in the context of lesion repair. These studies have 
also revealed a further property of Q-2A adu/t pro- 
genitors of relevance in considering the stem cell- 
like behaviour of these cells. 

We have recendy found that simultaneous exposure 
of 0-2A arfuA progenitors to PDGF + bFGF converts 
many of these cells to a rapidly dividing and highly 
motile phenotype with a bipolar morphology and 
antigenic phenotype very similar to that expressed 
by 0-2AM^ progenitors. 48 Thus, these cells 
can be induced to express a phenotype which seems 
likely to be of relevance to repair of demy elating 
lesions. These findings demonstrate that the mole- 
cular mechanisms which underlie the characteristic 
behaviour of 0-2AA™«'«/ progenitors are not 
irreversibly inactivated with the generation of 
0-2A arftf// progenitors, but arc instead placed under 
the control of slightly different signalling processes 
than those which function in the perinatal cells. 
The finding that rapid cell division can be induced 
in 0-2A flrfuft progenitors is consistent with observa- 
tions that repair of vi rally-induced demyelination 
in vivo appears to be preceded by increases in 
the numbers of 0-2A adtdt progenitor-like cells. 39 
In addition, studies in other laboratories have 
suggested an increased production of FGFs and 
PDGF following CNS damage. 40 " 42 It is particularly 
intriguing, however, that our studies also suggest that 
the ability of 0-2A aAlf progenitors to maintain a 
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rapidly dividing and migrating phenotype is not 
maintained beyond a small number of divisions, 
suggesting intrinsic limitations may exist in the extent 
to which these cells are capable of contributing to 
myelin repair. 48 Such a possibility is reminiscent of 
claims that MS lesions are initially repaired, but 
eventually become permanently demyelinated. 

A revised view of the 0-2A lineage 

Figure 2 summarizes some of our current views 
about development of the 0-2A lineage, in which the 
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Figure 2. The 0-2A lineage, as presently perceived in our 
laboratory. *Ciliary neurotrophic factor (CNTF) is thought 
to initiate astrocytic differentiation of 0-2 A progenitors, as 
detected by expression of glial fibrillary acidic protein 
(GFAP). Full differentiation of 0-2A>* r,w * / progenitors 
into type-2 astrocytes, however, requires the additional 
presence of an unidentified extracellular matrix 
component (see refs 43, 44). Differentiation of 0-2A Mt 
progenitors into typc-2 astrocytes has not yet been 
extensively studied, although we have observed that the 
type-2 astrocytes generated following growth in serum- 
containing medium do not express the stellate morphology 
of type-2 astrocytes derived from 0-2A^ r ™ ato/ progenitors. 7 
For more detailed discussion on other aspects of differenti- 
ation in this lineage see also refs 21, 29, 45. 



population of 0-2A/ ICT " w/a/ progenitors is now seen 
as tripotential and capable of giving rise to 
oligodendrocytes, type-2 astrocytes and 0-2A arfu/r 
progenitors. Our studies suggest that 0-2A* crinate/ 
progenitors express the properties of true progenitor 
cells, in that these cells generally express a limited 
life-span before undergoing differentiation (at least 
when stimulated by purified cortical astrocytes or 
PDGF). However, a previously unanticipated differ- 
entiation pathway which appears to be open to 
0-2A^* nnato/ progenitors is to give rise to a new 
generation of precursors, these being the stem cell-like 
0-2A arfw£ ' progenitors. The apparent development 
of 0-2A* Altf progenitors, with stem cell-like character- 
istics, from a rapidly dividing perinatal population 
differs significantly from the pattern of development 
seen in other lineages, where slowly dividing stem 
cells (of developed, rather than developing, tissues) 
have been seen to give rise to rapidly dividing pro- 
genitors (for review see ref 33). However, no other 
studies have focused on die origin of potential stem 
populations in the manner in which we have. 

A general hypothesis on the origin of stem cells, 
which we believe emerges from our studies, is as 
follows: precursors which function during early 
development express properties required for cells 
participating in the initial creation of a tissue. Such 
properties are inappropriate at later developmental 
stages, at least for some tissues. In such instances, 
the early precursors give rise to a second generation 
of precursors with properties more appropriate to 
later development, as well as to terminally differenti- 
ated end-stage cells. It is this second generation of 
precursors which represent the stem cells of adult 
animals. Unfortunately, it will first be necessary to 
be able to distinguish unambiguously between fetal 
(or perinatal) and adult precursor cells in other tissues 
before it can be determined whether phenomena 
similar to those observed in the 0-2A lineage also 
occur in other lineages. 

In regards to the 0-2A lineage itself, there are 
many challenging questions which remain un- 
answered. It will first be important to determine 
whether the process we have described for the 0-2 A 
lineage of the optic nerve occurs in all regions of 
the CNS. On a more fundamental level, it will be 
necessary to determine the relationship between the 
symmetric and asymmetric 0-2AP erimUai progenitors. 
Are these two cell types distinct from the beginning 
of their existence, is one cell type the ancestor of the 
other, or do they represent two possible differentiation 
pathways of a still earlier ancestor cell? Moreover, 



although it seems likely that it is the asymmetrically 
behaving 0-2A^ nmite/ progenitors which eventually 
give rise to 0-2A flrfttA progenitors, the mechanism 
which causes the earlier cells to generate cells of an 
adult phenotype is a mystery. At present, we know 
that and 0-2A<"*<" progenitors exposed 

to platelet-derived growth factor (PDGF) each 
express their characteristic morphologies, migratory 
properties and cell cycle lengths. 9 * 20 It will be 
an important challenge to define the molecular 
alterations which allow a single cell-signalling molecule 
to elicit such different behaviours from these two 
precursor populations, and to determine whether 
these alterations are alone sufficient to convert 
0-2A*™ wfa ' progenitors into 0-2A tte6l/ ' progenitors. 
It is also interesting that this replacement of an 
0-2A/ wr " wto/ progenitor population by an 0-2A flrfu// 
progenitor population in vitro is at least superficially 
similar to that which occurs in vivo (albeit over a 
slightly shorter time-scale than that seen in vitro). The 
ability to reproduce such a conversion in tissue 
culture will facilitate future studies on molecular 
mechanisms which might be involved in the 
generation of 0-2A <tt&/Sf progenitors from 0-2fKP trinatal 
progenitors. Finally, the 0-2A arfu/f progenitor cell 
may offer a suitable model system for probing the 
molecular mechanisms involved in the generation of 
asymmetric division and differentiation. 
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